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              Auxins are plant hormones involved in many physiological 
processes, such as cell growth and differentiation, fruit ripening, flowering 
or tropisms. Its transport through the plant is polar, playing an essential role 
in regulation of growth and development and contributing to the 
maintenance of global plant polarity. Polarity in auxin flux is due, at least in 
part, to the polar distribution of auxin efflux carriers of the PIN family, which 
depends on vesicle trafficking, particularly in a continuous cycling of PIN 
transporters between the plasma membrane and endosomal 
compartments. Specifically, PIN1 endocytosis has been shown to be 
clathrin-dependent and it is inhibited by auxin, whereas PIN1 recycling is 
GNOM-dependent and it is inhibited by brefeldin A (BFA). Nevertheless, 
sorting signals that allow the inclusion of PIN transporters in clathrin-coated 
vesicles for their intracellular traffic are still unknown.  
This work aims to investigate the molecular mechanisms that 
determine PIN1 polarity. In particular, it was intended to identify sorting 
signals in its cytosolic domain that determine its intracellular traffic and 
therefore its asymmetric distribution in plant cells. To this end, transgenic 
lines of Arabidopsis thaliana that express different mutant versions of 
PIN1:GFP in putative sorting signals, both in wild type (wt) and in pin1 
background, were obtained. The phenotype recovery analysis suggests that 
residues F165, Y394 and Y480, present in the cytoplasmic loop of PIN1, may 






The subcellular localization and trafficking properties of PIN1:GFP 
mutant versions were analyzed. Two of these mutants, PIN1:GFP-F165A and 
PIN1:GFP-Y480A, showed differences in subcellular localization and also in 
traffic behaviour from PIN1:GFP, since they were mainly observed in big 
intracellular structures that could not be stained with FM4-64 and were BFA 
insensitive. Immunolocalization studies showed that PIN1:GFP-F165A 
neither localize to the Golgi apparatus nor to endosomal compartments, but 
colocalized with the endoplasmic reticulum (ER) marker BiP. In vivo, these 
structures were also found to contain ER markers, suggesting that they 
could be ER-derived structures. Immunogold labelling showed that 
PIN1:GFP-F165A localized to vesicular structures containing several layers of 
membranes, folded over each other (similar to previously described onion-
like structures) and often localized close to the plasma membrane. 
Transient gene expression in tobacco mesophyll protoplasts was 
used to characterize ER export of PIN1:GFP. Overexpression of clathrin Hub1 
(clathrin hub), which inhibits clathrin-coated vesicle formation, caused a 
partial accumulation of PIN1:GFP in intracellular structures, similar to those 
observed in PIN1:GFP-F165A plants, without a significant effect on the 
localization of a standard Golgi marker. In contrast, overexpression of 
Sec12p, that inhibits COPII-dependent ER export, caused the accumulation 
of Golgi or prevacuolar compartment (PVC) markers at the ER without any 
significant change in PIN1:GFP localization. These data suggest that clathrin 















Las auxinas son hormonas vegetales involucradas en muchos 
procesos fisiológicos, tales como el crecimiento y diferenciación celular, la 
maduración de los frutos, la floración o los tropismos. Su transporte a través 
de la planta es polar, jugando un papel esencial en la regulación del 
crecimiento y el desarrollo y contribuyendo al mantenimiento de la 
polaridad global de la planta. La polaridad en el flujo de auxinas es debida, al 
menos en parte, a la distribución polar de los transportadores de salida de 
auxina de la familia PIN. En Arabidopsis thaliana se han identificado 8 
transportadores PIN diferentes. Todos ellos presentan una estructura 
similar, con un dominio citosólico central que separa dos dominios 
hidrofóbicos con alrededor de 5 regiones transmembrana cada uno. 
Mientras los dominios hidrofóbicos de estas proteínas están muy 
conservados, el dominio citosólico central varía. En este sentido, las 
proteínas PIN se pueden agrupar en 2 subfamilias: tipo 1 o “PIN largos” 
(PIN1, PIN2, PIN3, PIN4 y PIN7)  que se caracterizan por un dominio 
citosólico largo y una localización en la membrana plasmática y tipo 2 o “PIN 
cortos”, en los que se agrupan PIN5, PIN6 y PIN8, localizados en el retículo 
endoplásmico y con un dominio citosólico corto (PIN6) o extremadamente 
reducido (PIN5 y PIN8) (Křeček et al., 2009; Mravec, 2009; Zažímalová et al., 
2010). La localización de los transportadores PIN de tipo 1 varía 
dependiendo del tipo celular (Vieten et al., 2007). En concreto, en la raíz 
principal de A. thaliana, las proteínas PIN presentan diferentes tipos de 
localización, encontrándose la mayoría de ellas en la parte basal de las 





de PIN1, PIN3 y PIN7 (también con una localización no polar en las células de 
la columela) o en la parte basal de las células corticales, como PIN2, 
mientras que algunas se localizan también apicalmente, como PIN1 en la 
epidermis del tallo o PIN2 en el ápice de las raíces laterales y en las células 
de la epidermis. Por tanto, las proteínas PIN presentan una distribución 
polar dentro de la célula (Feraru & Friml, 2008), la cual depende de su 
tráfico vesicular, en concreto de su transporte bidireccional entre la 
membrana plasmática y compartimentos endosomales. Específicamente, se 
ha demostrado que la endocitosis de PIN1 es dependiente de clatrina y que 
es inhibida por auxinas, mientras que su reciclaje es dependiente de GNOM 
y está inhibido por brefeldina A (BFA). Sin embargo, aún se desconocen las 
señales de clasificación que permiten la inclusión de los transportadores PIN 
en diferentes tipos de vesículas recubiertas para su tráfico intracelular. Estas 
señales, compuestas en su mayoría por péptidos muy cortos de 4 a 6 
aminoácidos, suelen localizarse en los dominios citosólicos de las proteínas 
de membrana, e interaccionan con las proteínas responsables de su 
clasificación en vesículas.  
El objetivo de este trabajo ha sido investigar los mecanismos 
moleculares que determinan la polaridad de PIN1, tratando de identificar las 
señales de clasificación presentes en su dominio citosólico que pueden 
determinar su localización polar, incluyendo su transporte desde el retículo 
endoplásmico (ER) a la membrana plasmática, su internalización desde la 
membrana plasmática a compartimentos endosomales o su tráfico entre los 





se había demostrado que la endocitosis de PIN1 es dependiente de clatrina, 
pero además de ésta, existen otras rutas de transporte en las que también 
participan vesículas recubiertas de clatrina, y que podrían contribuir a la 
polaridad de PIN1. Por ello, este trabajo se ha enfocado en el estudio de las 
vías dependientes de clatrina. Además, el dominio citosólico de PIN1 
contiene varias señales consenso para la unión de complejos adaptadores 
(como motivos YxxØ) y por lo tanto para su incorporación en vesículas 
recubiertas de clatrina, que podrían ser esenciales para la localización y el 
tráfico de PIN1. En particular, el dominio citosólico de PIN1 posee 4 residuos 
de tirosina (Y260, Y328, Y394, Y480) y un residuo de fenilalanina (F165) que 
podrían estar implicados en la inclusión de PIN1 en vesículas recubiertas de 
clatrina. Por tanto, se estudió la funcionalidad de diferentes versiones 
mutantes de PIN1 en dichos residuos, expresándolas en Arabidopsis 
thaliana, tanto en fondo wild type como en fondo pin1. Una vez obtenidas 
las diferentes líneas transgénicas, se analizaron la localización y el tráfico de 
estas versiones mutantes, para poder investigar si las posibles señales de 
clasificación afectadas contribuían o no al tráfico y localización de PIN1. 
Para este fin, en primer lugar, se obtuvieron líneas transgénicas de 
Arabidopsis thaliana que expresan diferentes versiones mutantes de 
PIN1:GFP en los residuos que forman parte de posibles señales de 
clasificación, tanto en fondo wild type como en fondo pin1. El análisis de 
recuperación  de   fenotipo   indicó   que PIN1:GFP-Y260A y PIN1:GFP-Y328A 
fueron capaces de recuperar el fenotipo pin1, igual que PIN1:GFP. En 





necesarios niveles de expresión muy elevados. PIN1:GFP-F165A no fue capaz 
de recuperar por completo el fenotipo pin1 en ninguna de las líneas 
examinadas, al igual que en los casos donde PIN1:GFP-Y480A era altamente 
expresado. Estos resultados sugieren que los residuos F165, Y394 e Y480, 
que forman parte de posibles señales de clasificación presentes en el 
dominio citoplasmático de PIN1, podrían ser importantes para la función 
de la proteína.      
Posteriormente se analizó la localización subcelular y el tráfico de 
las distintas versiones mutantes de PIN1:GFP. La localización subcelular de 
PIN1:GFP-Y260A, Y328A e Y394A era prácticamente idéntica a la de 
PIN1:GFP en células de la estela en raíces de  A. thaliana. Para testar si estos 
mutantes presentaban alguna alteración en su endocitosis y/o reciclaje 
desde los endosomas, se utilizó un tratamiento con brefeldina A (BFA), que 
inhibe el reciclaje y produce la acumulación de PIN1 en compartimentos 
endosomales, junto con membranas del Golgi (compartimentos de BFA). 
Este tratamiento, por tanto, permite monitorizar la cinética de endocitosis 
(aparición de PIN1 en compartimentos de BFA). Puesto que el efecto de la 
BFA es reversible, tras el lavado de la droga, PIN1 reaparece en la 
membrana plasmática, lo que permite medir la cinética de reciclaje. 
Ninguno de estos 3 mutantes presentó defectos obvios en su endocitosis o 
reciclaje. Esto sugiere que los residuos Y260A, Y328A e Y394A no son 
esenciales para la localización subcelular de PIN1 en la parte basal de la 
membrana plasmática en raíces. En cambio, PIN1:GFP-F165A y PIN1:GFP-





similares a los formados tras tratar las raíces con BFA, aunque no eran 
compartimentos de BFA. De hecho, estas estructuras no podían ser teñidas 
con FM4-64  y eran insensibles a BFA. 
En la última parte de este trabajo se ha caracterizado el mutante 
PIN1:GFP-F165A. Estudios de inmunolocalización mostraron que PIN1:GFP-
F165A no colocalizaba con marcadores del aparato de Golgi ni de 
compartimentos endosomales, pero sí con el marcador de ER BiP. In vivo, 
también se encontraron otros marcadores de ER en estas estructuras, como 
BiP, RFP-p245 o mCherry-HDEL, y experimentos utilizando FRAP 
(Fluorescence recovery after photobleaching) mostraron que estas 
estructuras eran las primeras en recuperar la fluorescencia, sugiriendo que 
éstas podían derivar del ER. Tras la inhibición de la síntesis proteica 
mediante el tratamiento con cicloheximida, las estructuras intracelulares 
que contenían PIN1:GFP-F165A desaparecieron de forma gradual, hasta que 
tras dos horas de tratamiento la proteína sólo estaba localizada en la 
membrana plasmática. Este efecto no estaba relacionado con la 
degradación de la proteína, sugiriendo que PIN1:GFP-F165A era capaz de 
alcanzar la membrana plasmática, aunque con una cinética más lenta. 
Diferentes ensayos de microscopía electrónica mostraron que 
PIN1:GFP-F165A se localiza en estructuras vesiculares rodeadas de varias 
capas de membrana (similares a las estructuras “onion-like” descritas 
anteriormente) y que se localizaban frecuentemente cerca de la membrana 





de PIN1:GFP-F165A en las membranas del ER, lo que sería consistente con 
un defecto en la salida del retículo de este mutante. 
Para caracterizar la salida del ER de PIN1:GFP se realizaron 
experimentos de expresión transitoria en protoplastos de mesófilo de 
tabaco. La sobreexpresión de Hub1 (parte C-terminal de las cadenas pesadas 
de clatrina), que inhibe la formación de vesículas recubiertas de clatrina, 
causó una acumulación parcial de PIN1:GFP en estructuras intracelulares, 
similares a las observadas en las plantas PIN1:GFP-F165A, sin un efecto 
significativo en la localización de marcadores estándar de Golgi o 
compartimento prevacuolar (PVC). Por el contrario, la sobreexpresión de 
Sec12p, que inhibe la salida del ER dependiente de COPII, provocó la 
acumulación de marcadores de Golgi y PVC en el ER, mientras que no se 
observaron cambios significativos en la localización de PIN1:GFP. Estos 
datos sugieren que la clatrina podría estar involucrada en la salida de PIN1 















1. INTRACELLULAR MEMBRANE TRAFFIC. 
1.1. Membrane trafficking pathways. 
 Eukaryotic cells show a complex endomembrane system composed 
by several membrane-bound compartments with a specific molecular 
composition and, therefore, functionally different. Membrane trafficking 
pathways allow the delivery of thousands of proteins to their site of action, 
including secretory cargo, vacuolar proteases, storage proteins, membrane-
associated receptors, cell-wall-modifying enzymes, nutrient and hormone 
transporters, ion channels or receptors involved in pathogen defense. Thus, 
cellular homeostasis, cell-cell communication in development and 
physiological responses to changes in the environment all depend on 
membrane traffic (Park & Jürgens, 2011).   
 
1.1.1. Biosynthetic or secretory pathway. 
 Secretory proteins and proteins destined for different 
compartments in the secretory pathway (ER, Golgi, PM or vacuole) are 
included into the endomembrane system through an N-terminal signal 
peptide (SP) which allows their co-translational insertion into the ER. This is 
called “classical or conventional protein secretion”, which is normally a 
constitutive process and is highly conserved in eukaryotes (Ding et al., 





reticulum (ER) to the plasma membrane (PM) or to the Vacuole through the 
Golgi apparatus (GA) and the trans-Golgi network (TGN) (Figure 1).  
 
 
Figure 1. The plant secretory pathway (Marti et al., 2010). The “conventional secretory 
pathway” involves transport of newly synthesized proteins from the endoplasmic reticulum 
(ER) to the plasma membrane (PM) or to the vacuole through the Golgi apparatus (GA) and the 
trans-Golgi network (TGN). At the ER-Golgi interface, ER export is mediated by COPII vesicles 
formed at specific regions of the ER, the so-called ER export sites (ERES), while retrograde 
Golgi-to-ER transport is mediated by COPI vesicles (see text for details). Both secretory and 
vacuolar cargoes reach the TGN. At the TGN, vacuolar cargo is transported to the vacuole via 
multivesicular bodies or the prevacuolar compartment (PVC), while secretory cargo follows the 






 Despite their importance, the details of the different secretory 
routes are not well understood. Little is known about the type of vesicles 
involved in secretion and whether vesicular intermediates are present en 
route to the PM (Drakakaki & Dandekar, 2013). Several studies suggest that 
traffic to the PM during the interphase is by default (Teh & Moore, 2007; 
Richter et al., 2007), while during cell division, secretion may be redirected 
to the cell plate (Richter et al., 2009).  
 
1.1.1.1. Early secretory pathway. 
 ER to Golgi transport occurs via COPII-coated vesicles, which 
assemble at the ER. Sec 12, an ER membrane-associated guanine nucleotide 
exchange factor activates the cytosolic GTPase Sar1 (secretion-associated, 
Ras-related protein 1). This step is followed by the association of Sar1 to the 
ER membrane and by the recruitment of the COPII coat, which is composed 
of the Sec23-24 and Sec13-31 heterodimer complexes. Sar1 and the Sec23-
24 dimer form a cargo recruitment complex that discriminates between 
transported and ER resident proteins. Another protein, Sec16, has a role in 
ER protein export by defining the ER region for COPII assembly at the ER exit 
sites (ERES). Besides the capture of cargo proteins, the COPII coat is 
responsible for the physical deformation of the ER membrane that drives 
COPII vesicle formation. GTP hydrolysis by Sar1 facilitates COPII vesicle 
uncoating and the subsequent exposure of the membrane of the vesicle for 





 ER export sites (ERES) (Figure 1), by definition, are the sites 
through which secretory proteins leave the ER. They are therefore sites 
where COPII vesicles are formed and are consequently characterized by the 
local accumulation of COPII proteins. The domain of the ER bearing ERES is 
ribosome free, and is sometimes termed “transitional ER” (Langhans et al., 
2012). ERES and their relationship to the Golgi apparatus are fundamentally 
different between higher plants and the other eukaryotic cells. First of all, 
the plant Golgi apparatus is polydisperse, with individual Golgi stacks 
moving rapidly along actin microfilaments which are aligned parallel to ER 
tubules. Secondly, there is not an intermediate compartment between ER 
and Golgi (as it happens in mammalian cells). Therefore, COPII vesicles are 
thought to fuse homotypically to form the first cis-cisterna or to attach to 
the rims of the cis-cisternae (Langhans et al., 2012). 
 Intra-Golgi transport and retrograde Golgi-to-ER transport of ER 
residents or proteins cycling between ER and Golgi occurs via COPI vesicles. 
In higher plants, COPI coats are restricted to the periphery of Golgi 
cisternae, whereas in mammalian cells they are recruited on both ERGIC 
(ER-Golgi intermediate compartment) and Golgi cisternae. COPI consists of 
two subunits, namely F-COP and B-COP, which together constitute the 
coatomer complex. F-COP has four proteins, (-COP, -COP, -COP and ζ-
COP) resembling the tetrameric adaptor complexes (APs, section 2.1.2. 
Introduction), and interacts with motifs on the cytoplasmic domain of 
receptors or other cargo proteins. B-COP, with three proteins (-COP, ’-





(section 2.1.1. Introduction) and constitutes the outer cage of the vesicle. 
Except for -COP and -COP, plants have multiple genes encoding COPI 
proteins. Thus, there are two isoforms for -COP, -COP, -COP and three 
for ’-COP and ζ-COP. The multiplicity of COPI isoforms might reflect 
different classes of COPI-coated vesicles. Indeed, an electron tomographic 
analysis of Golgi stacks in A. thaliana has revealed two differently sized 
COPI-vesicle populations: COPIa, derived from cis-cisternae, and COPIb, 
coming from medial and trans-cisternae (Hwang & Robinson, 2009).     
 After traversing the GA, secretory cargo reaches the trans-Golgi 
network (TGN), a tubulo-vesicular compartment which is often closely 
associated with a Golgi stack. The TGN is a major sorting station for exocytic 
cargo proteins except that some storage proteins are sorted at the ER or cis-
Golgi. Importantly, the TGN also functions as an early endosome (EE) in 
plants (see below, section 1.1.2.), being the intersection of the secretory 
and endocytic traffic (Park & Jürgens, 2011). In addition, RAB-A class 
proteins related to the mammalian recycling Rab11 GTPase localize at a 
subpopulation of TGN. These observations suggest that distinct sorting 
functions are performed by the TGN, although there is no structural 
evidence for the existence of different TGN subdomains. This compartment 
appears to be formed from the trans-most cisterna of the Golgi stack, 
possibly by maturation. Its integrity seems to be maintained by anterograde 
traffic towards the PM and the vacuole as well as by retrograde traffic to the 





1.1.1.2. Late secretory pathway to the plasma membrane.  
 Traffic of soluble proteins from the ER to the PM and out of the cell 
seems to occur by default: the only requirement that it is needed is an N-
terminal signal peptide for protein translocation across the ER membrane, 
as shown for several soluble enzymes as well as GFP. The abscence of a 
sorting signal for vacuolar trafficking is required for secretion of soluble 
proteins, supporting the notion that secretion is a default pathway (Park & 
Jürgens, 2011). 
 Secretory trafficking of membrane proteins is less well 
characterized. Membrane proteins with a single transmembrane domain 
appear to reach their destination along the secretory pathway according to 
the length of their hydrophobic region: proteins with a shorter membrane 
span are held back in the Golgi stack whereas those with a longer 
membrane span are transported to the PM. The situation might be different 
for other membrane proteins such as those with multiple membrane spans 
or those with a hydrophobic tail anchor such as SNARE proteins. For 
example, the rice secretory carrier membrane protein 1 (SCAMP1) has four 
transmembrane domains of which two domains appear to mediate export 
from the Golgi stack and another one appears to mediate traffic from the 







1.1.1.3. Unconventional protein secretion (UPS). 
 In addition to the “conventional secretion”, followed by proteins 
containing a signal peptide (see above, section 1.1.1.1.), it has been 
identified the existence of non-classical protein secretion in plants. Since 
they lack a signal peptide, the proteins that follow the unconventional 
pathway are called LSPs (leaderless secretory proteins), and are over 50% of 
the proteins belonging to the so-called plant secretome (Ding et al., 2012a; 
Drakakaki & Dandekar, 2013).  
 Although the “unconventional protein secretion” (UPS) has been 
characterized in more detail in mammalian cells and yeast, there are already 
a number of examples for this kind of secretion in plants (Figure 2) (Wang et 
al., 2010; Drakakaki & Dandekar, 2013). The release of pathogene related 
proteins seems to occur by UPS, since the majority of them are LSPs. MVBs 
or vacuoles have also been implicated in the plant response to pathogen 
attack via fusion with the plasma membrane. Secretion of certain cytosolic 
proteins, such as celery mannitol dehydrogenase and hygromycin 
phosphotransferase in A. thaliana, also follows a Golgi-independent 
pathway (Drakakaki & Dandekar, 2013). 
 A novel organelle that mediates unconventional protein secretion 
was recently identified in Arabidopsis (Wang et al., 2010; Ding et al., 2012a). 
This is a double-membrane compartment characterized by the presence of 
EXO70E2, one of the subunits of the putative exocyst complex of 





of eight subunits and acts at specific domains of the plasma membrane that 
exhibit extensive fusion of exocytic vesicles in mammals and yeast. Because 
of the presence of EXO70E2, this organelle was named EXPO (for EXocyst 
Positive Organelle) and mediates Golgi-independent trafficking (Wang et al., 
2010; Ding et al., 2012a). Neither BFA nor wortmannin affect EXO70E2 
localization, and no TGN, Golgi, prevacuolar compartment (PVC) or 
tonoplast markers co-localized with EXO70E2, indicating a novel trafficking 
route (Wang et al., 2010). Electron microscopy revealed that EXPO is an 
exocytic compartment that fuses with the PM and releases single-
membrane vesicles into the apoplast (Figure 2) (Wang et al., 2010; Ding et 
al., 2012a). The exocyst complex has recently been shown to contribute to 
PIN auxin efflux carrier recycling and polar auxin transport in Arabidopsis 






Figure 2. Unconventional protein secretion (UPS) (Ding et al., 2012a). Working model of 
transport pathways of protein secretion via UPS in plant cells. Both MVBs (1) and vacuoles (2) 
have been shown to fuse with the PM in response to pathogen attack that may result in cell 
death. (3) A novel organelle, EXPO (exocyst-positive organelle), may also fuse with the PM to 
release cytosolic proteins that are important for either cell wall biosynthesis or defense against 








1.1.1.4. Vacuolar cargo trafficking pathway.  
 Newly synthesized soluble cargo proteins destined to the vacuoles 
need an N- or a C- terminal vacuolar sorting sequence/signal (VSS). Soluble 
cargo proteins containing these signals bind to vacuolar sorting receptors 
(VSRs) for delivery to the multivesicular bodies or prevacuolar compartment 
(MVBs/PVC) (Park & Jürgens, 2011), which are functionally equivalent to the 
late endosomes (LE) of animal cells. Sorting of vacuolar cargo has long been 
thought to occur at the TGN, but more recent observations suggest that this 
may occur at an earlier step (Niemes et al., 2010b).  Generally, soluble cargo 
proteins are thought to be released from VSRs at the acidic pH of 
MVBs/PVC. Whereas soluble cargo proteins are delivered to the vacuole via 
membrane fusion of the MVBs/PVC with  the vacuole, VSRs are recycled to 
the TGN through the retromer, a pentameric complex whose localization 
depends on the studies performed: TGN, PVC or both of them (Fuji et al., 
2007; Craddock et al., 2008; Richter et al., 2009; Drakakaki & Dandekar, 
2013).  
 There are two hypotheses for vacuolar trafficking. The first one 
implies that vacuolar trafficking is mediated by clathrin-coated vesicles 
(CCVs), which transport cargo between the TGN/EE and the MVB/PVC. This 
is based in the observation that the vacuolar sorting receptor VSR1/ELP 
interacts with the 1 medium subunit of the mammalian AP-1 complex and 
with Arabidopsis A-adaptin in vitro through a tyrosine residue-based 





mutation in this sorting signal causes mistargeting of pea VSR in tobacco 
protoplasts (daSilva et al., 2006). However, this idea was challenged by the 
recent observation that transient overexpression of the truncated clathrin 
heavy chain, the so-called clathrin hub (see below, section 2.1.1.), does not 
interfere with vacuolar trafficking, which would be consistent with an 
alternative MVB maturation model (Scheuring et al., 2011). However, it is 
not known how efficiently the clathrin hub interferes with CCV formation, 
although endocytosis of FM4-64, PIN1 and PIN2 proteins is clearly inhibited 
(Dhonukshe et al., 2007).  
  
1.1.2. Endocytic pathway. 
 Endocytosis is defined as the uptake of molecules from the 
apoplast or as the internalization of plasma membrane proteins or receptor-
ligand complexes through vesicles generated at the PM. This process is 
essential since it enables the uptake of extracellular molecules, including 
nutrients or hormones, the internalization and recycling of receptors and 
other membrane proteins or the maintenance of lipid and protein 
composition at the PM (Grunewald & Friml, 2010). 
 Despite the longstanding notion that endocytosis would not work 
against the high turgor pressure of plant cells (for a review see Robinson et 
al., 2008), there is nowadays unequivocal evidence for endocytosis of 





(see below, section 4), the boron transporter BOR1 and receptors such as 
BRI1 for brassinosteroid plant hormones and FLS2 for pathogen recognition 
(Grunewald & Friml, 2010). This pathway begins at the PM and reaches the 
early endosomes (EE) or the TGN, being able to follow different routes 
depending on the destiny of the molecules internalized. The main 
mechanism followed in plants and the only one that has been proved at the 
moment is clathrin-mediated endocytosis (section 2. Introduction), although 
some alternative pathways have been suggested, such as a sterol-
dependent endocytosis that could restore the polarity of the cell after cell 
division (Men et al., 2008; Boutté et al., 2009).  
Endocytosed molecules first reach the TGN, which indicates this 
compartment also functions as an early endosome (EE) in plant cells. Upon 
internalization, endocytosed proteins face two options: they may be 
recycled to the plasma membrane or they may follow the degradative 
pathway to the vacuole (Figure 3). In Arabidopsis, many membrane proteins 
including auxin-efflux carriers PIN1 and PIN2, brassinosteroid receptor BRI1 
and boron transporter BOR1 undergo constitutive endocytosis and recycling 







Figure 3. Working model depicting some of the characterized endosomal trafficking pathways 
in plants (Otegui & Spitzer, 2008). The TGN acts as early endosome in plants receiving PM cargo 
internalized by endocytosis. At least two different recycling pathways have been discovered in 
plants for auxin carriers. PIN proteins are recycled by a mechanism that requires the BFA-
sensitive ARF-GEF GNOM, whereas AUX1 is recycled by a BFA-insensitive GNOM-independent 
mechanism. Transport to the vacuole occurs via multivesicular bodies (MVBs) (also known as 
the prevacuolar compartment, PVC). Two very important sorting processes take place in MVBs: 
(i) the recycling of vacuolar cargo receptors mediated by the retromer complex and (ii) the 
sorting of plasma membrane protein into internal vesicles by the ESCRT machinery. Fusion of 
MVBs with the vacuole leads to the release of soluble vacuolar proteins and MVB vesicles into 
the lumen of the vacuole. 
  
 The recycling pathway has not yet been characterized and putative 
recycling endosomes have not been identified morphologically in plant cells. 





brefeldin A (BFA), a fungic toxin from Penicillium brefeldianum that blocks 
the action of the guanine-nucleotide-exchange factor ARF-GEF (GNOM, in 
the case of PIN1 recycling), inhibiting GDP-GTP exchange and thus ARF-
GTPase activity. This leads to the formation of intracellular aggregates 
between endosomal and Golgi membranes called BFA bodies or BFA 
compartments (Jackson & Casanova, 2000; Jürgens, 2004). In contrast to 
PIN1, GNOM is not essential for recycling of PIN2, AUX1 nor PM-H+-ATPase. 
Thus, there are also BFA-insensitive GNOM-independent recycling pathways 
from endosomes to the PM (Figure 3).  
 If not recycled, PM proteins are delivered to the lytic vacuoles for 
degradation (Kleine-Vehn et al., 2008; Viotti et al., 2010). Transport to the 
vacuole occurs via multivesicular bodies (MVBs) or the prevacuolar 
compartment (PVC). MVBs are organelles with intraluminal vesicles formed 
by invagination of the endosomal limiting membrane, process that is 
mediated by the endosomal sorting complex required for transport (ESCRT) 
complexes (Figure 3) (Otegui & Spitzer, 2008; Park & Jürgens, 2011; Reyes et 
al., 2011). It is not at all clear whether the two routes of recycling and 
degradation diverge among the post-Golgi endosomal compartments in 
plants. All endocytosed PM proteins are delivered to the TGN/EE. If the 
MVBs indeed mature from some subdomain of TGNs and REs are also 
derived from TGNS, the sorting would likely occur at the TGN. Moreover, 
there are conflicting (or incomplete) data regarding the recycling vs. 
degradation. For example, the sorting nexin 1 (SNX1)-labelled MVBs/PVC 





are usually recycled have not been detected at the PVC/MVB. Instead, the 
recycling pathway might be affected indirectly by interfering with vacuolar 
trafficking (Park & Jürgens, 2011).  
 Membrane proteins tagged for degradation are usually 
ubiquitinated and they interact with the endosomal sorting complex 
required for transport (ESCRT), localized at the MVBs, to finally reach the 
vacuole (Viotti et al., 2010). Nevertheless, ubiquitination is not strictly 
necessary to follow this route, because not only all the membrane proteins 
that are ubiquitinated are not degraded in the vacuole, but also they can be 
deubiquitinated and recycled (Richter et al., 2009; Reyes et al., 2011). 
 
 
1.2. Modularity of membrane transport.  
 Each step of vesicle trafficking involves the transport of membrane 
and soluble proteins between different compartments and can be divided in 
three stages (Figure 4) (Rothman & Wieland, 1996; Paul & Frigerio, 2007; 
Klann et al., 2012): 
1. Budding: vesicles are generated in the donor compartment. They 





those which are necessary for transport or fusion with the target 
membrane.  
2. Transport: vesicles are carried from the donor compartment to 
the target compartment, usually through cytoeskeleton elements. 
3. Fusion: once the vesicles arrive to and recognize the target 




Figure 4. Modularity of membrane transport (Cooper & Hausman, 2000). Vesicles containing 
cargo and accessory molecules are generated in the donor compartment and transported to 






1.3. Principles of vesicle transport.  
There are two key features of vesicle transport: 
- Molecular sorting: each vesicle transport must include and 
exclude the appropiate molecules. Components required for the traffic of 
the vesicle and cargo molecules must be selected and separated from the 
ones which should remain at the donor compartment. The accurate 
selection of the desired molecules into the vesicles can be achieved by three 
different ways: coat proteins that are involved in budding interact with 
molecules that must be included in the vesicle through the recognition of 
particular motifs called sorting signals, localized in their cytoplasmic domain; 
resident proteins can be retained by interaction with other components of 
the donor compartment, avoiding their inclusion in the new vesicles; and 
finally, those resident molecules that are included in the vesicle by mistake 
or randomly can be recovered through “recovery or rescue pathways”.   
- Vesicle targeting: newly formed vesicles have to be transported 
towards the correct target through the crowded intracellular environment. 
To this end, the cell has different mechanisms to guarantee the specific 
recognition between the vesicle and the target compartment. 
Thanks to both principles, it is posible to maintain the composition 
and the identity of the organelles although there is a constant flow of 






2. CLATHRIN-COATED VESICLE-MEDIATED TRAFFICKING.   
 As in animal cells, clathrin-coated vesicles (CCVs) are formed at the 
TGN and the PM in plants. Whereas the role of CCVs in trafficking events at 
the TGN is now under question (see above, section 1.1.2.), there is no 
dispute about the participation of clathrin in internalization events at the 
PM (Chen et al., 2011). Therefore, this section will mainly concentrate in 
clathrin-mediated endocytosis (CME) in plants, which has an essential role 
not only for basic cellular functions or keeping PM composition, but also for 
growth and development, regulating processes such as hormonal signalling 
or pathogen defense.  
 In plant cells, the major endocytic mechanism depends on clathrin, 
a protein which is able to autoassemble, generating a coat that causes 
vesicle budding (Chen et al., 2011). Up to now, functional and 
pharmacological analyses have demonstrated the involvement of clathrin in 
endocytosis in Arabidopsis and tobacco (Dhonukshe et al., 2007; Kitakura et 
al., 2011). Firstly, tyrphostin A23 (a tyrosine analog) was used to explore 
clathrin-dependent trafficking pathways, since it interferes with the 
interaction between cargo proteins and the -subunit of adaptor complexes 
(see below, section 2.1.2.) (Ortiz‐Zapater et al., 2006; Dhonukshe et al., 
2007). Secondly, overexpression of the clathrin hub (see below, section 
2.1.1.) has been used to interfere with clathrin-mediated trafficking 
pathways, both in mammals and in plants (Liu et al., 1995; Dhonukshe et al., 





chain and is supposed to compete with the endogenous clathrin heavy chain 
in interacting with clathrin light chains (Liu et al., 1995). These results are 
also consistent with the results of a functional study of clathrin heavy chain 
mutants (Dhonukshe et al., 2007; Robert et al., 2010; Kitakura et al., 2011). 
Based on both clathrin hub overexpression and ultrastructural analysis of 
MVBs/PVC, the vacuolar trafficking pathway has been proposed to be 
clathrin-independent (Scheuring et al., 2011).  
Figure 5 summarizes the stages in clathrin-coated vesicle (CCV) 
formation at the plasma membrane. These steps are extremely fast and it 
has been estimated that the whole cycle occurs in less than one minute. 
 Firstly, clathrin, trhough the adaptor complex AP2 (section 2.1.2. 
Introduction) and other accessory proteins, recognise specific cargoes that 
are packaged for internalization, originating the invagination of the PM and 
the formation of clathrin-coated pits (CCPs) (Figure 5) (Pérez-Gómez& 
Moore, 2007). These pits, between 80-160 nm in diameter, mature and lead 
to their scission from the PM through dynamins, generating CCVs. 
 Once these vesicles are formed, the coat falls off and the uncoated 
vesicles fuse with the TGN or structures related to it, which should act as 
early endosomes (EEs) (Dettmer et al., 2006; Lam et al., 2007b).  
 CCV formation is determined by several factors, an example is the 
lipid composition of the PM, since high levels of phosphatidylinositol 4,5-





Cytoskeleton elements also seem to be important in CME, but their exact 
function in this process is still unknown (Chen et al., 2011).  
 
 
Figure 5. A representative model for CCV formation in plants (Chen et al., 2011). Cargoes that 
need to be internalized from the PM are packaged by the co-operative assembly of the coat 
proteins that include clathrin, AP2-complex that consists of , 2, 2 and 2 subunits, and 
associated accessory adaptor proteins recruited to the membrane via the phospholipid 
PI(4,5)P2 to form clathrin-coated pits. The membrane invaginates as more cargo and adaptor 
proteins are recruited and clathrin triskelia polymerize to form the cage. Dynamin assembles at 
the neck of the bud for scission of the CCV from the PM. Once a CCV pinches off, the coat falls 
off and the uncoated vesicle fuses with EEs/TGN for downstream processing of the cargo. The 
known components of the coat machinery in plants are represented in Table 1. The orthologues 
of uncoating factors have been identified in the plant genomes but not characterized. CHC, 





2.1. Molecular machinery involved in clathrin-coated vesicle 
formation. 
2.1.1. Clathrin.  
 Clathrin consists of three 192-kDa heavy chains (CHCs) each bound 
to a 30-kDa light chain (CLC). This complex is called triskelion, based on its 
three-legged appearance. Each triskelion leg is comprised of an extended HC 
molecule oriented with its C terminus at the vertex. The central hub of a 
triskelion contains three regions: a small globular domain at the extreme C-
terminus, a trimerization domain that constitutes the vertex, and a proximal 
leg, to which the LCs are bound. The distal leg segment and the globular 50-
kDa terminal domain located at the N terminus of each HC are connected to 
the hub through a protease-sensitive bend, also called knee (Figure 6). 
Except for the terminal domain, a globular element at the N terminus of the 
heavy chain, the thickness of a leg is relatively uniform. The light chains 
associate with the heavy-chain proximal segments through a central 
segment of 71 residues with a clearly recognizable, -helical heptad 
repetition (Schmid, 1997; Kirchhausen, 1999; Kirchhausen, 2002; Fotin et al., 
2004).  
 Overexpression of the C-terminal part of clathrin heavy chain ( 
clathrin hub) binds to and titers away the light chains, thus making them 
unavailable for clathrin cage formation. This leads to strong dominant-






Figure 6. Clathrin triskelion (Fotin et al., 2004). Segments of the heavy chain are labelled. The N 
terminus of the chain is in the terminal domain, and the C terminus is at the vertex. Positions of 
the light chains are shown schematically. 
 
When triskelions assemble into a coat, the clathrin ‘legs’ 
interdigitate to create a lattice of open hexagonal and pentagonal faces at 
the surface of the membranes (Figure 7). The coats exhibit a range of 
designs and sizes, depending on the number of triskelions involved.  
The Arabidopsis genome encodes three and two homologs of 
clathrin light chain and clathrin heavy chain, respectively, which have been 
detected at the TGN, the cell plate, and the PM (Otegui et al., 2001; 
Dhonukshe et al., 2007; Mravec et al., 2011). Recently, the clathrin light 
chain was also shown to be associated with ARA6/RAB-F1-positive MVBs, 
but not with RHA1/RAB-F2a-positive MVBs, although further analysis is 






Figure 7. A. Clathrin triskelions, visualized by platinum rotary shadowing; B. Clathrin-coated 
pits, visualized by quick-freeze deep-etch electron microscopy. The images are shown to 
matching scale, at 250,000X magnification (Schmid, 1997). 
  
2.1.2. Adaptor complexes (APs).  
Clathrin interacts with several proteins, some of them directly 
involved in cargo recruitment. These proteins act as adaptors, since they 
bind the clahtrin-coat but they also contribute to the selection of the 
cargoes through the recognition of sorting signals in the cytoplasmic domain 
of membrane proteins.  
 In fact, the most abundant proteins in a CCV, besides clathrin, are 
the components of the adaptor protein complexes (APs), which promote the 
assembly of the clathrin coat. In mammalian cells there are four different 
adaptor complexes, named AP-1, AP-2, AP-3 and AP-4. All of them are 
heterotetrameric complexes of around 300-kDa, composed by adaptin 
proteins (Figure 8) (Boehm & Bonifacino, 2001; Robinson & Bonifacino, 
2001; Robinson, 2004). Very recently, an AP-5 complez has been found 





Each AP is composed by four different types of adaptins. These 
adaptins are: two big subunits of approximately 100-kDa: one γ, α,  or  
subunit that mediates membrane recruitment and one β subunit, which 
interacts with clathrin; one medium subunit of around 50-kDa, that 
recognizes cargo proteins; and a small subunit, σ, with a molecular weight of 
approximately 20-kDa of unknown function (Figure 8). 
 
 
Figure 8. Schematic diagrams of the four AP complexes (Robinson & Bonifacino, 2001). All four 
complexes consist of two large subunits: a  subunit and a more divergent subunit, either , , 
 or ; a medium () subunit; and a small () subunit. The C-terminal domains of the two large 
subunits project as ‘ears’, connected to the ‘head’ of the complex by flexible hinges. Yeast two-
hybrid experiments have shown that the // subunits interact with the  subunits, that the 








The Arabidopsis genome encodes subunits of four types of putative 
AP complexes (AP-1 to AP-4) including five medium subunits, muA, muB1, 
muB2, muC, and muD (named as A-D instead of 1-4). There might be 
an additional AP complex because Arabidopsis appears to have orthologues 
of several subunits of the recently identified mammalian AP-5 complex; 
however, no matching sigma subunit has been identified (Boehm & 
Bonifacino, 2001; Park et al., 2013).  
 So far, the AP-1 and AP-3 complexes are the only ones that have 
been functionally characterized in Arabidopsis. μA was proposed to be the 
putative medium subunit of the AP-1 complex as inferred from the 
localization at the trans-Golgi in Arabidopsis and from the in vitro 
interaction with the tyrosine sorting sequence of VSR-PS1 or TGN38 (Happel 
et al., 2004). However, there is no functional in vivo evidence supporting 
this notion. Very recently, it has been shown that B1 and B2 adaptins are 
functionally redundant subunits of the Arabidopsis AP-1 complex acting at 
the TGN to promote late secretory and vacuolar traffic and to be required 
for growth. In a B2 adaptin mutant the vesicle trafficking centered on the 
TGN/EE was in general compromised. Particularly, recycling of internalized 
proteins from the TGN/EE to the PM was altered. For example, the 
asymmetric localization of PIN2 (Paciorek et al., 2005; Jaillais et al., 2006; 
Dhonukshe et al., 2007; Wang et al., 2010; Kitakura et al., 2011; Yan et al., 
2013; Wang et al., 2013) was affected and recycling of PIN2 to the PM after 
BFA washout was inhibited. It has also been described that the AP-1 





syntaxin Knolle in dividing plant cells (Park et al., 2013; Teh et al., 2013; 
Wang et al., 2013). Concerning AP-2, the ANTH-domain-bearing monomeric 
adaptor AP180 (see below) has beed shown to interact with Arabidopsis αC-
adaptin, one of putative large subunits of AP-2 (Barth & Holstein, 2004). The 
AP-3 complex is the most studied AP complex. Consisting of δ/β3/μD/σ3, 
AP-3 seems to be involved in vacuolar biogenesis, including the transition 
between storage and lytic vacuolar types (Feraru et al., 2010; Zwiewka et al., 
2011). It has been shown that vesicle transport regulator EpsinR2 (see 
below) interacts with the putative-subunit of AP-3 and binds to clathrin 
and phosphatidyl-inositol 3-phosphate (Lee et al., 2007)  as well as interacts 
with VTI12, that has a role in protein trafficking to the protein storage 
vacuole (PSV) (Lee et al., 2007; Sanmartín et al., 2007). Furthermore, 
TERMINAL FLOWER1 (TFL1), a protein that plays a role in PSV trafficking 
resides in AP-3  positive endosomes (Sohn et al., 2007). Interestingly, 
deprivation of β3-adaptin [protein affected trafficking 2 (PAT2)] or muD-
adaptin (also known as AP-3 mu or PAT4) subunit of AP-3 affects vacuolar 
biogenesis and differentially inhibits vacuolar traffic in mesophyll 
protoplasts. Although the morphology of mutant plants appears normal, 
elimination of muD-adaptin or other subunits of AP-3 suppresses the 
knockout mutant phenotype of soluble N-ethylmaleimide sensitive factor 
attachment receptor Qb-SNARE VTI11, which is involved in TGN-to-PVC) 
trafficking (Park & Jürgens, 2011). 
 While printing this thesis, several articles were published on the 





component of the AP2 complex (Yamaoka et al. 2013), there are conflicting 
results concerning its localization. While in some cases, 2-adaptin was 
found to localize exclusively at the PM and the cytosol (Di Rubbo et al., 
2013; Kim et al., 2013), other reports found it to localize also to intracellular 
compartments (Golgi/TGN) (Happel et al., 2004; Bashline et al., 2013). On 
the other hand, it has been demonstrated that AP2 is involved in 
endocytosis of cellulose synthase (Bashline et al., 2013) or brassinosteroid 
receptor 1 (Di Rubbo et al., 2013), as well as in the polar localization of PIN1 
(Fan et al., 2013) and PIN2 (Kim et al., 2013). 
In addition to adaptins, there is a large network of accesory 
proteins that are also involved in linking the cargoes as well as membrane 
lipids to the clathrin assembly, the induction of membrane curvature for 
invagination to create clathrin-coated pits or the interaction with 
cytoskeleton elements. Some of these adaptor proteins show very similar 
domains to their orthologues in animals or yeast, such as epsin N-terminal 
homology (ENTH), AP180 N-terminal homology (ANTH), Eps15 homology 
domain (EHDs) and the Src homology 3 (SH3) (Table 1). All of these proteins 
have been identified in plant cells and proposed to be related with CME.  






Table 1. CME components in A. thaliana (Chen et al., 2011).   
CME components in Arabidopsis 
Components AGI number in 
Arabidopsis 
Interactome Functions 
Clathrin CHC At3g1130(CHC1) TPLATE, SH3P, 
EPSIN, EPSINR 
Clathrin triskelion formation 












A recruitment core for linking lipids, 
cargo, and adaptor proteins to clathrin 
triskelion. 
 2 At4g23460   
 2 At5g46630   
 2 At4g23460   
Adaptin-like T-PLATE At3g01780 CLC2, CHC1 Clathrin recruitment 
 
Accesory adaptors (specific domain containing proteins): 
ANTH domain AP180 At1g05020 AP-2 
 
Lipids 
Binding partner of AP-2 complex for 
maintaining clathrin in large lattices  
In animals: CALM, HIP1 and HIP12 bind 
phospholipids, especially PI(4,5)P2 for 












 In plants: promotes clathrin assembly 
and regulates CCV size. 






In animals: amphiphysin and endophilin 
are responsible for dynamin 
recruitment. 
In plants: potential role in CCV 
formation. 
EHD EHD2 At4g05520 AP-22, cargo In animals: EHDs are dynamin-like 
ATPases remodeling membranes. 
EHD2 is responsible for internalization 
and recycling of receptors. 
In plants: an endocytosis inhibitor 
protein for LeEIX2, affects actin 
dynamics  




CCV scission from PM 
 DRP1C At1g14830   
 DRP1E At3g60190   
 DRP2A At1g10290   








Nevertheless, other proteins, such as arrestins (involved in 
interaction of membrane receptor and APs), are absent, suggesting that 
diversity of cargoes in different systems would have favoured evolution of 
different cargo-specific adaptors. This is exemplified through the 
identification of the plant-specific adaptin-like protein, TPLATE, which is 
involved in CME to form the cell plate during cytokinesis (Table 1) (Chen et 
al., 2011; Van Damme et al., 2011). 
 
2.1.3. Sorting signals for CCV-mediated trafficking. 
Intracellular trafficking of many membrane proteins depends on 
certain sequences oriented to their cytosolic domain or on post-
translational modifications such as phosphorylation or ubiquitination, to 
ensure that non-competitive uptake occurs from the cell surface. 
 Sorting signals range from intrinsic linear peptide sequences to 
whole folded proteins that are reversibly appended to cargoes. However, in 
most cases, the sorting information of the protein is found in a very short 
peptide, typically of 4-6 amino acids. These motifs determine the traffic 
pathway followed by specific proteins, and therefore its final subcellular 
localization. Several sorting signals which allow sorting of proteins within 
CCVs, including those involved in endocytosis (endocytosis signals), have 
been characterized (Table 2). The most common ones are the tyrosine-





and Ø is a bulky hydrophobic residue) and the dileucine-based [DE]xxxL[LI] 
motif. In animals, both motifs are recognized by the AP-2 complex 
(Bonifacino & Traub, 2003) and therefore function as endocytosis signals. 
 The YxxØ motif in plants is recognized by the μ2 adaptin (Happel et 
al., 2004; Ortiz‐Zapater et al., 2006) and functions not only as a signal for 
ligand-induced endocytosis of LeEIX2 (Bar & Avni, 2009) but also for the 
localization and degradation of BOR1 (Takano et al., 2010). Furthermore, the 
tyrosine and di-leucine motifs in KORRIGAN, an endo-1,4-beta glucanase 
required for cell wall modification, determines its localization to the cell 
plate (Zuo et al., 2000). Tyrphostin A23 (TyrA23), a tyrosine analog that 
interferes with the interaction between μ2 adaptin and YxxØ motifs 
(Banbury et al., 2003), is one of the few drugs commonly used to interfere 
with endocytosis in plants (Aniento & Robinson, 2005; Ortiz‐Zapater et al., 
2006; Dhonukshe et al., 2007). 
 There are also motifs that are more specific and not that common, 
such as the one found in the mannose 6-phosphate receptor in animals 
(MEQFP), which is based on a phenylalanine residue and binds both AP-1 
and AP-2 (Höning et al., 1997). In this work, we have found a very similar 
motif in the cytoplasmic loop of PIN1 (Section 4. Introduction). 
 Many of these motifs, particularly those based on tyrosine, may 
also interact with other APs (AP-1, AP-3 or AP-4), acting in other trafficking 





endosomes to the PM or others (Kirchhausen, 1999; Kirchhausen, 2002; 
Aniento et al., 2003). 
On the other hand, post-translational modifications such as 
phosphorylation and ubiquitination are also important to coordinate the 
traffic of molecules subject to these changes.  
 In plants, phosphorylation can influence signalling, traffic or even 
the polar localization of some proteins, as PIN auxin transporters (section 4 
Introduction) (Huang et al., 2010; Kleine-Vehn et al., 2009). Nowadays, the 
mechanism of interaction between adaptors and phosphorylated proteins is 
not yet described.  
 Ubiquitination is used as signal for endocytosis when the labelled 
proteins interact with ESCRT machinery and they are transported to the 
vacuole to be degraded. Just like phosphorylation, the exact link between 






Table 2: Clathrin-dependent endocytic sorting signals (Traub, 2009).  





















GABAA receptor 2 
P2X4 receptor 
CD317 (BST2; tetherin; HM 1.24) 






































1A integrin (1)‡ 
1A integrin (2)‡ 
PTB domain of ARH, 
DAB2 and NUMB 
Phosphate group S/T GPCRs -arrestin 1 and -
arrestin 2 
Ubiquitin K/C EGFR 
MHC class I 
Delta 
ENaC 
UIM of epsins and 
EPS15 






*Sequences indicated in single-letter amino acid notation using PROSITE syntax, Ø indicates a 
bulky hydrophobic amino acid (Leu, Met, Ile, Phe or Val) and X is any amino acid. ‡(1) connotes 
the first repeat and (2) the second repeat within the cytosolic domain. ARH, autosomal 
recessive hypercholesterolemia; BST2, bone marrow stromal antigen 2; CD-M6PR, cation-
dependent mannose 6-phosphate receptor; DAB2, disabled 2; EGFR, epidermal growth factor 
receptor; ENaC, epithelial sodium channel; EPS, EGFR substrate 15; GABAA, -aminobutyric acid 
type A; GPCR, G protein-coupled receptor; LAMP1, lysosome-associated membrane protein 1; 
LDL, low density lipoprotein; LIMP2, lysosomal integral membrane protein 2; LRP, LDL receptor-
related protein; MHC, major histocompatibility complex; Nef, negative factor; PAR1, 
proteinase-activated receptor 1; pS, phosphoSer; PTB, phosphoTyr-binding; TGOLN2, trans-






2.1.4. Dynamins and other GTPases. 
 Dynamins are GTPases responsible of the scission of mature CCPs 
from the PM to form CCVs. In plants, six dymanin-related protein families 
(DRPs) have been found, some of them probably  involved in CME, although 
there is not a direct evidence for this (Mravec et al., 2011). 
Moreover, there are other GTPases involved in CME machinery. 
ADP ribosilation factor ARF1, together with their regulators, the guanine 
nucleotide exchange factor GNOM (ARF-GEF GNOM) and ARF-GEF GNL1, 
and the ARF-GTPase-activating protein of vascular network defective 3 (ARF-
GAP VAN3) are required for endocytosis, although their function is not yet 
well known (D'Souza-Schorey & Chavrier, 2006; Naramoto et al., 2010). 
Furthermore, the plant orthologue of the mammalian Rab5, ARA7, has been 











3. AUXINS.  
 Auxins are one of the main hormonal regulators of growth and 
plant development. These hormones are represented by 3-indoleacetic acid 
(IAA), the most common member, although other endogenous auxins have 
been identified, such as 4-chloroindole-3-acetic acid (4-CI-IAA), the indole-3-
butyric acid (IBA) and the phenylacetic acid (PAA). Moreover, there are 
synthetic auxins, such as 2,4-dichlorophenoxyacetic acid (2,4-D) and 
naphthaleneacetic acid (NAA) (Woodward & Bartel, 2005; Strader & Bartel, 
2011; Simon & Petrek, 2011; Sauer et al., 2013).  
 These hormones are essential during the whole life cycle of the 
plant, since they are involved in many aspects as the apical-basal axis 
formation during embryogenesis, postembryonary organogenesis, tropisms, 
tissue regeneration, root hair elongation or fruit ripening among others 
(Friml & Palme, 2002; Paciorek & Friml, 2006; Davies, 2010; Leyser, 2011). 
At the cellular lever, these hormones control the expansion, cell division and 
cell diferenciation by mechanisms regulated by auxin concentration (Perrot-
Rechenmann, 2010).  
 Signalling mediated by auxins can be regulated at different levels: 
metabolism (synthesis, conjugation and degradation), transport and signal 
transduction (Ludwig-Müller, 2000; Chapman & Estelle, 2009; Petrášek & 
Friml, 2009; Zhao, 2010). Therefore, a failure or defect at any of these levels 
leads to severe consequences for the plant, since tropisms, phyllotaxy, 





3.1. Auxin metabolism. 
3.1.1. Biosynthesis. 
 Auxin biosynthesis occurs in meristems, cotyledons, lateral roots 
and young leaves. These organs or tissues contain the highest levels of 
auxin, in contrast to mature tissues, where auxin is less concentrated (Ljung 
et al., 2001). 
 There are several IAA biosynthesis pathways, some of them 
tryptophan-dependent and others tryptophan-independent (Woodward & 
Bartel, 2005; Zhao, 2010; Mashiguchi et al., 2011; Ruiz-Rosquete et al., 
2012). All of them take place in the cytoplasm, except the transfer of 
tryptophan to indole-3-acetaldoxime (IAOx) in the tryptophan-dependent 
pathway named after this intermediate, which takes place in the 
chloroplast.  
 
3.1.1.1. Tryptophan-dependent pathway.  
 Two major pathways for IAA biosynthesis have been proposed: the 
tryptophan (Trp)-independent and Trp-dependent pathways. In Trp-
dependent IAA biosynthesis, four pathways have been postulated in plants: 
the indole-3-pyruvic acid (IPA) pathway; the indole-3-acetamide (IAM) 
pathway; the tryptamine (TAM) pathway; and the indole-3-acetaldoxime 





 - Indole-3-pyruvic acid (IPA) pathway: tryptophan aminotransferase 
TAA1 catalizes the conversion of tryptophan into IPA, which is 
decarboxylated to indole-3-acetaldehide (IAAld), to finally be converted  by 
the aldehide oxidase AAO1 into IAA (Stepanova et al., 2008; Tao et al., 2008; 
Yamada et al., 2009).  
 - Indoleacetamide (IAM) pathway: this is the only intermediate of 
the route. It is generated from tryptophan by a monooxygenase and is 
converted to IAA by the amidohydrolase AMI1 (Pollmann et al., 2002; 
Pollmann et al., 2003; Sugawara et al., 2009; Mano et al., 2010; Lehmann et 
al., 2010). 
- Tryptamine (TAM) pathway: this is the first intermediate formed 
from tryptophan by an ezyme with decarboxylase activity. Later, tryptamine 
is oxidized by YUCCA enzyme to N-hydroxy-TAM. This intermediate can be 
dehydrogenated to IAOx or dehydrogenated and hydrolized to IAAld (see 
IAOx and IPA pathways). 
 - Indole-3-acetaldoxime (IAOx) pathway: this route is carried out by 
the monooxygenases P450 CYP79B2 and CYP79B3 (Hull et al., 2000; 
Mikkelsen et al., 2000). This intermediate can be converted directly to IAA 
by AAO1 enzyme or indirectly through indole glucosinolate pathway (with 
the intervention of P450 CYP83B1 monooxygenase and C-S SUR1 liase), in 
which the last step is the hydrolysis of indole-3-acetonitrile (IAN) to IAA by 







Figure 9. Auxin biosynthesis (Ruiz-Rosquete et al., 2012). Tryptophan (TRP)-dependent and       
-independent auxin biosynthesis pathways are indicated. The TRP-derived pathways are 
highlighted in yellow (IAOx), blue (IAM), green (TAM), and red (IPA). The functional 
interdependence or redundancy of the proposed auxin biosynthesis routes is still a matter of 
debate. Auxin biosynthetic intermediates are shown in black, auxin biosynthesis enzymes in 
red, and internal and external triggers that regulate enzyme expression in gray. The identity of 
the enzymes catalyzing some of the suggested reactions remains elusive. AAO, acetaldehyde 
oxidase; AMI1, amidase 1; CYP79B2/3, cytochrome P450, family 79, subfamily b, polypeptide 
2/3; IAA, indole-3-acetic acid; IAAld, indole-3-acetaldehyde; IAM, indole-3-acetamide; IAN, 
indole-3-acetonitrile; IAOx, indole-3-acetaldoxime; IPA, indole-3-ylpyruvic acid; NIT, nitrilase; 
TAA1, tryptophan aminotransferase of Arabidopsis; TAM, tryptamine; TDC, tryptophan 





3.1.1.2. Tryptophan-independent pathway. 
 This pathway is not well characterized, although analysis of 
mutants defective in tryptophan biosynthesis have shown that there is one 
biosynthesis pathway independent of this amino acid (Normanly et al., 
1993; Ehlert et al., 2008). Indole and/or indole-3-glycerol phosphate are 
suggested as precursors of this alternative pathway (Östin et al., 1998; 
Ouyang et al., 2000).  
   
3.1.2. Inactivation. 
 To regulate levels of auxin, IAA can be accumulated inside the plant 
cell as indole-3-butyric acid (IBA) or as inactive conjugates. Amide-linked IAA 
conjugates constitute approximately the 90% of IAA pool in A. thaliana, 
whereas the ester-linked conjugates are minoritary (Tam et al., 2000; 
Kowalczyk & Sandberg, 2001; Ljung et al., 2002; Seidel et al., 2006; Bajguz & 
Piotrowska, 2009; Ludwig-Müller, 2011). 
Hydrolysis of these conjugates or IBA -oxidation provides fast IAA 
to the intracellular space. Nevertheless, some of these conjugates linked to 
amino acids, particularly aspartic and glutamic acids, are irreversible, 
suggesting that they do not simply act as auxin temporary reservoirs 






The process that regulates the auxin conjugation-hydrolysis is still 
not well known, but it seems fundamental to auxin developmental stimuli 
responses regulated by auxin (Woodward & Bartel, 2005; Ruiz-Rosquete et 
al., 2012).  
   
3.1.3. Catabolism. 
 There are two different pathways of auxin degradation. It can occur 
via oxidation of either the side chain (decarboxylation), or the indole ring 
without decarboxylation of the side chain (Barceló et al., 1990; Östin et al., 
1998; Kerk et al., 2000; Normanly, 2006).  
 This last pathway not only degrades free auxin, but also the 
irreversible conjugates between the hormone and aspartic and glutamic 
acids (Riov & Bangerth, 1992; Tuominen et al., 1994; Ludwig-Müller, 2011), 
or other kind of conjugates, as oxIAA-hexose (Östin et al., 1998).  
 In summary, the amount of auxin that is available inside the cell can 
be modulated by: a) its internalization to the ER (Figure 10) through PIN5, 
PIN8 (pollen) and PILS proteins (Mravec, 2009; Barbez et al., 2012; Dal Bosco 
et al., 2012; Ding et al., 2012b; Barbez & Kleine-Vehn, 2013) (section 4 
Introduction); b) the formation of conjugates, which can work as temporary 
storage, be a half-way point to degradation or even be involved in signalling 





3.2. Auxin transport.  
 Auxin is distributed differentially within plant tissues, creating 
concentration gradients that are essential for plant development, because 
they maintain the apical dominance and determine the global plant polarity 
(Vanneste & Friml, 2009).  
 There are two different ways of auxin transport: a passive or non-
polar one through the vascular tissues and an active and polar, cell to cell, 
transport (Friml & Palme, 2002; Wisniewska et al., 2006; Petrášek et al., 
2006; Paciorek & Friml, 2006), which requires influx and efflux auxin carriers 
(Rubery & Sheldrake, 1974; Leyser, 2005). 
 Chemiosmotic hypothesis (Figure 10) was proposed to explain how 
auxin is transported. According to this theory, undissociated IAA can enter 
the cells by passive diffusion, while the anionic form is imported via auxin 
influx carriers of the AUX1/LAX (amino acid permease-like) family (section 
3.2.1. Introduction). Inside the cell, where the environment is more alkaline, 
auxin dissociates and requires active transport to exit the cell. Auxin efflux 
can be mediated by subfamilies B and G of ABC (ATP-binding cassette) 
transporters (Geisler et al., 2005; Cho et al., 2007; Růžička et al., 2010) 
(section 3.2.2. Introduction) or by auxin efflux carriers of PIN family 
(Gälweiler et al., 1998) (section 4 Introduction). As it was mentioned before, 
some cytosolic auxin can also be transported to the lumen of the ER by 






Figure 10. Chemiosmotic hypothesis of auxin polar transport (Friml, 2010). Undissociated IAA 
molecules enter cells by passive diffusion, whereas the less lipophilic, and therefore less 
permeable, dissociated auxin anions (IAA-) are imported via auxin influx 2H+ co-transporters of 
the AUX1/LAX family. In the more alkaline intracellular environment, IAA dissociates and 
requires active transport through the PIN or ABCB efflux transporter proteins to exit the cell. 
Asymmetric, subcellular localization of PIN proteins determines directionality of auxin flow. 
Some cytosolic IAA is transported by PILs proteins (not shown) and presumably also by PIN5, 
PIN6 and PIN8 into the lumen of the endoplasmic reticulum (Sauer et al., 2013). This 
compartmentalization serves to regulate auxin metabolism. Whereas PIN transporter activity is 
supposed to use an H+ gradient that is maintained by the action of the plasma membrane H+-







3.2.1. Auxin influx. 
 As it was described in the section above, IAA can enter plant cells 
by passive diffusion. However, when there is a high request of auxin, the 
anionic form can enter cells through AUX1/LAX transporters (three different 
transporters have been already identified) together with a proton. Their 
localization at the PM can be polar or non-polar, depending on the cell type 
(Bennett et al., 1996; Yang et al., 2006; Swarup et al., 2008). For example, 
AUX1 is localized oppositely to PIN transporters in protophloema cells of the 
root and in the tip of lateral roots (Bennett et al., 1996; Kleine-Vehn et al., 
2006; Swarup et al., 2008). 
 Besides this influx systems, it has been observed that the nitrate 
transporter NTR1 facilitates the uptake of auxin when nitrate concentration 
is low, suggesting a direct interaction between plant nutrition and its 
adaptation mediated by auxin (Krouk et al., 2010). 
 
3.2.2. Auxin efflux. 
Anionic form of IAA cannot exit the cell by passive diffusion, and 
thus needs efflux transporters, including PIN family transporters (section 4 
Introduction) and P-glycoproteins of ABCB transporters family (ABCB/PGP).  
 The best characterized members of the ABCB/PGP family are 





Petrášek et al., 2006; Cho et al., 2007; Mravec et al., 2008). In contrast to 
PIN proteins, ABCB/PGP transporters do not have such strong polar 
localization. Therefore, it has been suggested that they can function 
modulating the polar transport generated by PIN proteins (Blakeslee et al., 
2007). Other members of this family, as ABCG36 and ABCG37, have been 
also proposed to act as IBA transporters (Strader & Bartel, 2009; Růžička et 
al., 2010), and that in special occasions, responding to auxin levels, PGP4 is 
able to change the direction of the flux and incorporate auxin into the cell 
(Yang & Murphy, 2009). 
 
 
3.3. Auxin perception and signalling. 
Auxin is able to regulate gene expression at transcriptional and 
post-transcriptional level. The transcriptional auxin signalling pathway is 
mainly mediated by the auxin co-receptors of the TIR1-AFB family, the auxin 
signalling repressors of the Aux/IAA family, the transcription factors of the 
auxin response factor (ARF) family, and the transcription co-repressor 
TOPLESS (TPL) (Figure 11). In the absence of auxin, Aux/IAA forms a trimeric 
complex, presumably onto DNA, with DNA binding ARF proteins and the 
transcriptional co-repressor TPL, thus repressing the transcription of auxin-
induced genes. Auxin interacts both with TIR1/AFBs and Aux/IAA proteins 





promotes Aux/IAAs ubiquitination by TIR1/AFBs E3-ubiquitin ligases and 
subsequent degradation by the proteasome. 
 In the absence of Aux/IAA and TPL, ARFs can act as transcriptional 
regulators. ARFs can be transcriptional activators (ARF+) or repressors (ARF-). 
It was recently shown that the majority of activator ARFs interact with most 
Aux/IAAs, while most repressor ARFs do not or only in a limited way. It has 
been suggested that ARF repressor activity might be regulated 
independently of auxin and that they act by competing with activator ARFs 
for binding to TGTCTC auxin responsive elements (AuxREs) at promoters of 
auxin responsive genes, modifying the sensitivity to auxin depending on its 
concentration (Finet & Jaillais, 2012).  
 ABP1 (auxin binding protein 1) is another auxin receptor (Hertel et 
al., 1972) that plays a role in post-transcriptional regulation and that is 
independent of TIR1/AFB (Robert et al., 2010; Xu et al., 2010). Localized in 
the apoplast, its binding to auxin inhibits endocytosis of PIN transporters, 
thus increasing their concentration at the PM and therefore auxin efflux 
(Paciorek et al., 2005; Robert et al., 2010). This protein also participates in 
GTPases ROP (Rho-of-plant) regulation (Xu et al., 2010). Nevertheless, ABP1 
loss of function affects regulation of auxin response genes, although it is 
unknown if it is a direct effect or if it needs the interaction between post-
transcriptional effects of ABP1 and TIR1/AFB signalling (Tromas et al., 2009; 





 Finally, there is another signalling pathway that is TIR1 independent 
and is mediated by IBR5 phosphatase (indole-3-butyric acid response 5). All 
the other components of the route are still unknown, although it has been 




Figure 11. Model for auxin-mediated transcription activation (Chapman & Estelle, 2009).  
Activating ARF proteins (ARF) resident at AuxRE-containing promoters of auxin-responsive 
genes are in a complex with Aux/IAA proteins at low auxin concentrations. Promoter activity is 
repressed through activities of Aux/IAA proteins and associated transcriptional corepressors 
(CoRep). Auxin binding by the Aux/IAA-SCFTIR1 complex triggers ubiquitylation and 
degradation of the Aux/IAA proteins. This derepresses ARF activity and enables promoter 
activation at constitutive elements. Transcription may be supported and further regulated by 
transcription factors (TF) bound at adjacent elements or interacting with ARF proteins. Double 






4. PIN AUXIN TRANSPORTERS. 
4.1. Structure and origin. 
PIN-FORMED (PIN) family proteins are auxin efflux carriers which 
are asymmetrically localized in plant cells and their polarity determines the 
directionality of intercellular auxin flow in plants.  
Eight different PIN proteins have been described in A.thaliana. All 
of them have a similar structure with a central cytoplasmic hydrophilic loop 
separating two hydrophobic domains of about 5 transmembrane regions 
each. While the hydrophobic domains of these proteins are extremely 
conserved, the central cytoplasmic domain varies, dividing PIN proteins into 
two subfamilies: type 1 or “long PINs”, which includes PIN1, PIN2, PIN3, 
PIN4 y PIN7, all characterized by its long hydrophilic domain and its 
localization at the plasma membrane; and type 2 or “short PINs”, in which 
are encompassed PIN5, PIN6 and PIN8, localized at the ER and with a 
shorter (PIN6) or strongly reduced (PIN5 and PIN8) hydrophilic loop (Figure 
12) (Křeček et al., 2009; Mravec, 2009; Zažímalová et al., 2010).  
 Regarding evolution, preliminar phylogenetic studies suggest that 
the first PIN protein originated in streptophyte algae (green algae) at the ER 
and that plasma membrane localization was acquired during land plant 
evolution, increasing the number of PIN proteins until reaching the eight 
members that A. thaliana has nowadays or the eleven of  Oryza sativa 






Figure 12. A. Phylogenetic tree of the Arabidopsis PIN protein family with indicated distances. 
PIN5, PIN8 and PIN6 represent the distant subclade; B. Predicted topology of both types 1 and 




 As it has been already mentioned in the section above, while PIN 
transporters type 2 are localized in the ER, type 1 ones are in the PM. 
However, the precise subcellular localization of the long PINs varies 
depending on the celular type (Vieten et al., 2007). Specifically, at the main 
root of A. thaliana, PIN proteins have different PM localizations, most being 
localized at the basal (root apex-facing) side of the vasculature and stele 
cells, such as PIN1, PIN3 and PIN7 (also non-polar localization in columella 
cells) or PIN2 at the basal side of the cortical cells, whereas some localize 
also apically (shoot apex-facing side), such as PIN1 in the shoot apex 






Figure 13. Polar localization of PIN proteins in the Arabidopsis root tip (Feraru & Friml, 2008). 
The directionality of auxin transport (arrows) is determined by the polar, subcellular 
localization of PIN proteins. PIN1 is localized at the basal (root apex-facing) side of the root 
vasculature; PIN2 at the basal side of the cortical cells and at the apical (shoot apex-facing) side 
of the epidermal and root cap cells; PIN3 in an apolar manner in the columella cells of the root; 
PIN4 at the basal side of cells in the central root meristem and with less pronounced polarity in 
the cells of the quiescent center; and PIN7 at the basal side of the stele cells and apolar in the 
columella cells. ROP2 is also asymmetrically localized, associated with the places of root hair 
formation. Examples of PIN1:GFP, PIN2:GFP, PIN4:GFP, and PIN7:GFP expression in the root are 
depicted.         
 
In the shoot endodermis and root pericycle cells, PIN3 localizes also 
at the inner lateral side, whereas it has a symmetric localization in columella 





meristem and with less pronounced polarity in the cells of the quiescent 
center. Thus, PIN proteins constitute prominent cell polarity markers in 
plants (Figure 13) (Feraru & Friml, 2008). 
 
 
4.3. Polarity of PIN transporters type 1. 
 The localization of type1 PIN transporters determines auxin flux 
direction in A. thaliana roots. The mechanisms that lead to this distribution 
should occur very fast, so the auxin could redistribute in response to 
different environmental or developmental stimuli, providing the ability of 
adaptation to new conditions (Friml et al., 2004; Wisniewska et al., 2006; 
Petrášek et al., 2006; Dettmer & Friml, 2011; Tejos & Friml, 2012). 
 
4.3.1. Establishment of polarity. 
 Indirect evidences show that newly synthethised PIN proteins 
distribution is non-polar, and that their later polarity involves endocytosis, 
transcytosis and exocytosis processes linked to intracellular vesicle 
trafficking (Dhonukshe et al., 2007). Therefore, clathrin-coated vesicles 
should play an important role for PIN polarity by mediating their 





GNOM and GNL1 (Teh & Moore, 2007; Naramoto et al., 2010) and ARA7 
RabGTPase (Dhonukshe et al., 2008). Recycling to the PM, that should also 
be involved in establishing  basal polarity of these proteins, is also mediated 
by GNOM (Geldner et al., 2003) and BEN1/MIN7 protein (Figure 14) (Tanaka 
et al., 2009).  
 Nevertheless, apical distribution of these proteins seems to be 
regulated mainly by PINOID kinase protein (PID), that together with their 
homologues WAG1 and WAG2 (Dhonukshe et al., 2010), also members of 
AGC kinases family and with redundant activity, phosphorylate serine or 
threonine residues in PIN hydrophilic loop (Friml et al., 2004; Michniewicz et 
al., 2007). These kinases are localized at the PM together with PIN proteins, 
and it seems that this is the place where the phosphorylation would take 
place (Benjamins et al., 2001).  
 Once endocytosed, phosphorylated proteins would recycle by a 
mechanism independent of GNOM to the apical PM. This mechanism is 
reversible because PIN proteins can be dephosphorylated by protein 
phosphatase 2A (PP2A), and be redirected to basal PM of the cell through 
GNOM (Figure 14). This constitutive recycling would allow performing quick 







Figure 14. Overview of the subcellular trafficking routes in a polarized plant cell (Feraru & 
Friml, 2008). Auxin influx and efflux (black thick arrows) are mediated by AUX1 and PIN 
proteins, respectively. PGP ATP-binding cassette-type transporters are also involved in auxin 
efflux. According to the chemiosmotic model, auxin in the protonated form can also enter the 
cell passively. Basally localized PIN1 recycles in a BFA-sensitive and GNOM-dependent manner 
between endosomes and the PM. Constitutive cycling of vesicles between these two 
compartments is disrupted by 2,3,5-triiodobenzoic acid (TIBA) and 1-pyrenoylbenzoic acid 
(PBA), drugs that inhibit auxin transport and actin cytoskeleton dynamics (Dhonukshe et al., 
2008). AUX1 also displays constitutive cycling to and from the apical PM that is dependent of an 
unknown BFA-insensitive ARF GEF. Auxin, such as -naphthaleneacetic acid (NAA), inhibits PIN 
internalization, increasing the amount and activity of PINs at the PM (Paciorek et al., 2005). PID 
kinase and PP2A phosphatase mediate reversible PIN phosphorylation, thus contributing to the 
decision on the apical-basal PIN targeting. Phosphorylated and dephosphorylated PIN proteins 
are preferentially sorted into the apical and basal targeting pathways, respectively 
(Michniewicz et al., 2007). PIN1 is able to translocate between the basal and apical cell sides by 
a combination of constitutive endocytic cycling and alternative recruitment by distinct ARF GEF-





On the other hand, cytoeskeleton is also important in PIN polarity. 
Actin is essential for endocytosis, recycling and therefore polarity of these 
transporters, although the apical localization route seems to be more 
sensitive to actin filaments disruption by latrunculin B (Tejos & Friml, 2012). 
Nevertheless, basal localization of PIN1 and PIN2 transporters is altered by 
microtubules disruption after oryzalin treatment, while PIN2 proteins that 
are apically localized are insensitive to this treatment (Kleine-Vehn et al., 
2008).    
 
4.3.2. Polarity maintenance. 
 Once PIN proteins are distributed in a polar manner, they requiere 
some sort of mechanisms to remain asymmetrically localized at the PM. To 
this end, it has been proposed a specific plant system to maintain different 
polar domains, through a model that combines: exocytosis directed to the 
polar domain center, called ‘super-polar domain’; decrease of PM diffusion 
through grouping PIN proteins in immobile clusters of 100-200 nm, that are 
sterol enriched and probably interact with the cell wall to avoid their 
movement (Feraru et al., 2011; Martinière et al., 2012); and finally, 
constitutive endocytosis at the domain ends, to avoid diffusion of PIN 
transporters through the PM recycling them to the centre of the polar 






4.3.3. Regulation of polarity: environmental and 
developmental factors. 
Plants are able to act in response of environmental and 
developmental stimuli, adjusting their growth through changes in auxin flux, 
which is directed by PIN proteins localization. Some examples are: 
 - Lateral root formation: PIN1, which is expressed in the basal PM 
of stele cells, is translocated to the lateral membrane, starting differential 
growth that leads to lateral root primordia formation, in response to a signal 
mediated by auxin (Benková et al., 2003; Friml et al., 2003). 
 - Phototropism: plants detect changes in red/far-red light ratio in 
dense vegetation areas, promoting the polarization of PIN3 in the extern 
layers of endodermis, where auxin accumulation induces cell elongation and 
therefore allows the plant to avoid dark areas (Keuskamp et al., 2010). 
 - Gravitropism: PIN3 shows non-polar localization in columella cells, 
but in response to gravity stimulation, this transporter polarizes to the 
bottom side of gravity-sensing root cells, presumably redirecting the auxin 
ﬂux towards the lower side of the root and triggering gravitropic bending 
(Kleine-Vehn et al., 2010). 
 These mechanisms point out that polar localization of PIN 
transporters and therefore its constitutive recycling, are essential to plant 

















 The main objective of this work has been to identify putative 
sorting signals of PIN1 that determine its intracellular trafficking and 
therefore its polar localization, including its transport from the ER  to the 
PM, its internalization from the PM to endosomal compartments or the 
trafficking between the endosomes and the PM. We have focused in 
clathrin-dependent pathways because PIN1 endocytosis has been shown to 
be clathrin-dependent. In addition, the cytoplasmic loop of PIN1 contains 
several signals matching the consensus for binding adaptor complexes and 
therefore for sorting within clathrin-coated vesicles which may be essential 
for PIN1 trafficking and localization. 
Specific objectives: 
 1. To check the functionality of PIN1 mutant versions in residues 
which may be part of putative sorting signals by expressing them in 
Arabidopsis, both in wild type and pin1 background. 
 2. To analyse the subcellular localization and trafficking properties  
of PIN1 mutant versions in order to obtain information about how these 





















1. BIOLOGICAL MATERIAL. 
1.1. Microorganisms. 
 1.1.1. Growth and transformation of Escherichia coli.  
E. coli DH5α strain (Invitrogen) was incubated at 37 ºC and 200 rpm 
in liquid LB (Luria-Bertani) medium [1 % tryptone (w/v), 0.5 % (w/v) yeast 
extract and 1 % (w/v) NaCl pH 7.0] or solid LB medium [same composition 
plus 1.5 % (w/v) bacteriological agar (Pronadisa)]. Media for selection of 
transformants were supplemented with antibiotic (100 μg/mL kanamycin).  
DNA plasmid transformation was performed following the Hanahan 
protocol (Hanahan, 1983), incubating cells in liquid LB for 1.5 minutes at 
42ºC, then 1 hour at 37ºC and 200 rpm and finally in Petri dishes at least 16 
hours at 37ºC with the appropriate selection medium, until colonies 
appeared.  
In some occasions, DNA plasmid transformation was also made by 
electroporation: competent cells were incubated with the plasmid of 
interest for one minute on ice and then electroporated in cuvettes of 0.2 
mm in Bio-Rad MicroPulserTM (Ec2 program, 2.5 kV). Immediately, 1 mL of 
LB was added and after 1 hour of incubation at 37ºC and 200 rpm, cells 
were plated in selective medium and grown overnight at 37ºC. 
Small-scale preparations of plasmid DNA from E. coli (section 2.1.1. 
Materials and methods) were used to identify E.coli colonies containing the 




construct of interest, followed also by restriction analysis and sequencing of 
these constructs (section 2.2.3. Materials and methods). 
 
1.1.2. Growth and transformation of Agrobacterium 
tumefaciens. 
 A. tumefaciens C58 MP90 strain (Koncz & Schell, 1986)  was 
incubated at 28ºC and 200 rpm in liquid or solid LB medium plus 25 μg/mL 
gentamicin and 100 μg/mL kanamycin, to assure the presence of Ti plasmid 
and T-DNA sequence of interest (when using T-DNA vectors with the 
kanamycin resistance gene), respectively, to select and grow transformants. 
 Competent cells were prepared growing A. tumefaciens in liquid LB 
plus gentamicin (25 μg/mL) until an OD600 of 0.5-1.0 was reached. The cells 
were then collected and resuspended in 20 mM CaCl2, as described 
previously (Weigel & Glazebrook, 2002).  
Transformation was performed using the freeze-thaw method.  A. 
tumefaciens competent cells were incubated with 1 μg plasmid DNA for 5 
minutes at 0ºC. Then, they were transferred to liquid nitrogen for 5 minutes 
and after, they were incubated for another 5 minutes at 37oC. Finally, 1 mL 
of LB was added and the cells were incubated 2-4 hours at 28oC and 200 
rpm.   Then,   the   cells   were   spread   in   solid   LB   medium   with  antibiotic 




(gentamicin and kanamycin) and incubated for 2 days until colonies 
appeared. 
Colony PCR was run to identify A. tumefaciens colonies containing 
the plasmid of interest. A transformant colony was taken with a yellow tip 
and was spread vigorously inside a sterile PCR tube for 30 seconds to run a 
hot start PCR reaction as described in section 2.3.5. Materials and methods. 
At the same time, the yellow tip was introduced in a culture tube containing 
2 mL of LB medium with antibiotic and it was incubated 1-2 days at 28 °C 














1.2. Plants.  
Table 3 shows all the Arabidopsis thaliana lines used in this work. 
 
Table 3. Arabidopsis thaliana genotypes and ecotypes used in this work. 
Genotype Ecotype Origin 
Col-0 Columbia-0 (Col-0) Nottingham Arabidopsis Stock 
Centre, Loughborough, UK. 
pin1-201 Col-0 SALK collection,  SALK_047613 
(Furutani et al., 2004) 
PIN1:GFP Col-0 Pr. Jiří Friml (Vienna, Austria) 
(Benková et al., 2003) 
PIN1:GFP-F165A Col-0 Obtained in this work 
PIN1:GFP-Y260A Col-0 Obtained in this work 
PIN1:GFP-Y328A Col-0 Obtained in this work 
PIN1:GFP-Y394A Col-0 Obtained in this work 
PIN1:GFP-Y480A Col-0 Obtained in this work 
PIN1:GFP pin1 
background  
Col-0 Obtained in this work 
PIN1:GFP-F165A  pin1 
background 
Col-0 Obtained in this work 
PIN1:GFP-Y260A  pin1 
background 
Col-0 Obtained in this work 
PIN1:GFP-Y328A pin1 
background 
Col-0 Obtained in this work 
PIN1:GFP-Y394A pin1 
background 
Col-0 Obtained in this work 
PIN1:GFP-Y480A pin1 
background 








1.2.1. Arabidopsis thaliana. 
1.2.1.1. Growth conditions in soil. 
Seeds were suspended in 1 mL distilled H2O and kept in darkness 
for 2 days at 4º C to synchronize germination. Then, they were sown in 
plastic pots of 6 cm (one plant per pot) or 15 cm (25 plants per pot) of 
diameter, to perform phenotypic analysis or to transform the plants, 
respectively, in a mixture of compost:perlite:vermiculite (2:1:1), covering 
them with plastic film the first five days to maintain high humidity during 
germination and to prevent contamination of seeds from other plants 
nearby.  
Plants were grown in the greenhouse or chambers under controlled 
conditions of temperature and photoperiod, at 21ºC and 16 hours of white, 
cold and fluorescent light (150 μE m-2 s-2, Sylvania Standard F58W/133-T8), 
watering them manually by immersion in distilled water twice a week.  
 
1.2.1.2. Growth conditions in Petri dishes. 
Arabidopsis was cultured in vitro in the same growth chambers 
mentioned in the previous section in Murashige and Skoog (MS) medium 
with agar, which contains 2.2 g/L MS salts (Duchefa), 10 g/L sucrose, 0.1 g/L 
2-(N-Morpholino) ethanesulfonic acid (MES), pH 5.9 and 0.6% (horizontal 
oriented plates) or 1% (vertical oriented plates) phytoagar. 




Seeds were sterilized by immersion for 3 minutes in 70% (v/v) 
ethanol and 0.05% (v/v) Triton X-100, and for one minute in 96% (v/v) 
ethanol, leaving them until they got dry over sterile WhatmanTM paper at 
the laminar flow hood. After sowing them, plates were put for 2 days at 4ºC 
and kept in darkness to synchronize germination and then they were moved 
into the growth chamber. 
 
1.2.1.3. Plant transformation by floral dip method. 
To generate A. thaliana transgenic plants, the protocol described by 
Clough and Bent (1998) was followed. Approximately, 25 seeds of A. 
thaliana Col. 0 were sown and cultured for 5 to 6 weeks in pots, as 
described in section 1.2.1.1. Materials and methods, removing the firsts 
inflorescence shoots as soon as they emerged, to promote secondary 
inflorescences development.  
An A. tumefaciens culture of 600 mL, obtained as described in 
section 1.1.2. of Materials and methods, and carrying the construct of 
interest, was collected by centrifugation (6000 rpm, 15 minutes) and 
resuspended in 600 mL of infiltration medium [5 % sucrose  (w/v) and 0.05 
% Silwet L-77 (v/v)] with a final OD600 of 0.8. All the plants were immersed in 
this solution for 1 minute with gentle shaking and then the pot was placed 
horizontally on a tray and covered with plastic film and a sheet of paper to 
avoid excess of light. After 24 hours, the cover was removed and the pot 




was placed as usual, letting plants grow until the end of their reproductive 
cycle, when the seeds were harvested. 
Selection of primary transformants (F1) was performed in Petri 
dishes with MS supplemented with 50 μg/mL kanamycin (MSK) (or the 
corresponding antibiotic according to the antibiotic resistance gene of the 
construct). After 7-10 days, transformants could be clearly distinguished by 
their green colour and their developed roots. These seedlings were 
transferred into soil and let them to self-fertilization. Secondary 
transformants (F2) that showed a 3:1 (resistant:sensitive) ratio when grown 
in MSK plates were selected and at least 6 seedlings resistant to kanamycin 
were transferred to soil. F3 transformants that showed 100% resistance to 
kanamicyn were selected as homozygous lines. 
Selection of transformants could be performed also by GFP 
detection in roots of seedlings of 4-days-old grown in MS plates, through a 
fluorescence microscope (Olympus SZX9). F2 transformants that showed a 
3:1 (GFP positive:negative) ratio and F3 transformants that showed GFP 
fluorescence in all their roots were chosen. 
 
1.2.1.4. Segregation analysis of transgenic lines. 
To estimate the number of loci in which T-DNA has been inserted in 
the different primary transformants of A. thaliana, 40 seeds from individual 
F1 plants were sown after sterilization and grown in MSK Petri dishes, as 




described in section 1.2.1.2. of Materials and methods. The counting of 
green and white seedlings, resistant or sensitive to the antibiotic, 
respectively, was performed 7-10 days after sowing. F2 homozygous and 
heterozygous plants were identified by analysing the F3 generation with the 
same technique. 
To analyse segregation data of kanamycin resistance in the progeny 
of the different transgenic plants, the null hypotheses (H0) were that the 
data were compatible with 3:1 segregation (resistant:sensitive), which 
corresponds with an unique insertion of the T-DNA in a locus or with a 15:1 
segregation, which corresponds to the insertion of the T-DNA in two loci; 
The alternative hypothesis (H1) was that H0 wasn’t true, setting as 
categories resistant and sensitive plants to kanamycin. 
These hypotheses are also valid in the segregation study through 
GFP detection, setting as categories fluorescent or non-fluorescent roots.  
The Chi-square (χ2) statistical test was used to determine how well 
our sets of segregation data fit this particular hypothesis (H0). The formula 
is: 
𝝌𝟐 =∑





k = number of categories (2); Oi = number of plants observed in a category; 
Ei = number of plants expected in a category; the degree of freedom (i = k-1) 
is 1.  




The calculated χ2 value was then compared with computed critical 
values. In this case, for 2 different categories and one degree of freedom, a 
value of χ2 equal or less than 3.841 should indicate that the null hypothesis 
(H0) was accepted.  
 
1.2.1.5. Crosses of different transgenic lines.  
The technique to cross different A. thaliana plants consist in 
rubbing gently the convex surface of the anthers from the male parent 
against the stigmatic surface of an exposed carpel on the female parent. 
For the diferent versions of PIN1:GPF x pin1 crosses, selection of F1 
and F2 progeny was performed by PCR (section 2.3.5. Materials and 
methods) using genomic DNA as template and specific primers of the 
constructs of interest shown in Table 6. In addition, homozygous lines for a 
GFP-tagged protein were selected by looking at F3 progeny seedlings of 4-
days-old at the fluorescence microscope (Olympus SZX9), choosing the ones 
in which all the progeny showed green fluorescence from GFP in their roots.   
 
1.2.1.6. Treatments.  
Table 4 shows the treatments performed to A. thaliana seedlings 
grown in vitro, and their main characteristics. In some of them, plants were 




transferred to wells (MultiwellTM 12 wells, Becton Dickinson) with liquid or 
solid MS (MS with phytoagar, section 1.2.1.2.). 
 
Table 4. Treatments performed to A. thaliana seedlings in this work.  
 Treatment Concentration MS Timing Special Characteristics 
Brefeldin A 10-100 M Liquid 15’-90’ Darkness 
Cycloheximide 50 M Solid/ Liquid 2h Darkness 
FM4-64 4 M Liquid 5’ 5’ Ice-darkness, then RT-
darkness. 
Kanamycin 50 g/ml  Solid/ Liquid -  
LysoTracker® 2 M Liquid 1h Darkness 
 
 
1.2.2. Nicotiana tabacum cv. Petit Havana SRI  
1.2.2.1. Growth conditions. 
N. tabacum cv. Petit Havana SRI was cultured in vitro in controlled 
growth chambers at 25ºC, with cycles of 16 hours light and 8 hours 
darkness, in MS tobacco medium with agar, which contains 4.4 g/L MS salts 
(Duchefa), 20 g/L sucrose, 0.4 g/L 2-(N-Morpholino) ethanesulfonic acid 
(MES), pH 5.7 and 0.8 % phytoagar. 
Seeds were sterilized by immersion for 1.5 minutes in 70% (v/v) 
ethanol and for 7 minutes in 40% NaClO4 and 0.02% (v/v) Triton X-100, 
followed by several washes with sterile water. 




1.2.2.2. Isolation of protoplasts and transient gene 
expression. 
 Preparation of tobacco leaf protoplasts was done using a digestion 
mix containing 0.2% Macerozyme R10 and 0.4% Cellulase R10 (Yakult 
Pharmaceutical, Japan) in TEX buffer [B5 salts, 500 mg/L MES, 750 mg/L 
CaCl2, 250 mg/L NH4NO3, and 0.4 M sucrose (13.7%), brought to pH 5.7 with 
KOH]. Stocks with 10-fold concentrated enzymes were prepared by 
dissolving the lyophilized powders in TEX buffer for 2 h, followed by 
centrifugation at 5000 g for 15 min and filter sterilization (0.2 m) of the 
clear supernatant. Aliquots (5 mL) of filtered supernatant were kept at -80ºC 
for routine use. The digestion mix was always prepared freshly by adding 45 
mL of TEX buffer to these stocks. Overnight digestions of floating leaves at 
25ºC, previously perforated using a needle bed, were followed by filtering 
the suspension through a 80-m nylon mesh and brief washing of the cell 
debris with TEX buffer to release further protoplasts from the tissue 
remnants. The protoplast suspensions were then centrifuged in Falcon tubes 
(50 mL) for 15 min at 800 rpm at RT in a swing-out rotor to prevent 
resuspension of the floating protoplast band. The pellet with dead cells and 
the underlying medium were removed and discarded using a peristaltic 
pump and a sterile Pasteur pipette until the band of floating (living) 
protoplasts reached the bottom. After resuspending the cells in 25 mL of 
TEX buffer and a further centrifugation at 800 rpm for 10 min, the pellet and 
the underlying medium were removed again. This procedure was repeated 
twice reducing the volume of TEX buffer (Foresti et al., 2006; Bubeck et al., 




2008). Protoplasts were then washed twice with 5 mL of W5 medium (154 
mM NaCl; 125 mM CaCl2; 5 mM KCl; 5 mM glucose; 10 mM MES; pH 5.7) 
and collected by centrifugation at 800 rpm and 4ºC for 5 minutes. 
For transfection, protoplasts were resuspended in MMg solution 
(0.4 M mannitol; 15 mM MgCl2; 4 mM MES) to 2-5.105 cells/mL and 
incubated 30 minutes on ice.  200 L of protoplast suspension was mixed 
with DNA(s) and 250 L of PEG solution (0.1 M PEG 4000; 0.2 M mannitol; 
80 mM CaCl2) was added. After 5 minutes of incubation, 3 mL of W5 was 
added and protoplasts were collected as previously described, resuspended 
in 1 mL of W5 and incubated for 16 hours at 25ºC and darkness. Protoplasts 
were then analysed by confocal microscopy, as described in section 5.1.. 
Plasmids encoding marker proteins were: PIN1:GFP and  PIN1:GFP-
F165A (obtained in this work), RFP-p245 (Montesinos et al., 2012), Man1-
GFP (Nebenführ et al., 1999), GFP-BP80 (daSilva et al., 2005), Hub1:RFP 
(Dhonukshe et al., 2007) and Sec12p (Pimpl et al., 2003). In some 
experiments, transfected protoplasts were incubated during 10 minutes at 










2. NUCLEIC ACIDS. 
2.1. Isolation of nucleic acids.  
2.1.1. Isolation of plasmid DNA.   
 For small-scale preparations of plasmid DNA, the Alkaline lysis 
method (Sambrook et al., 1989) was used  beginning with 1 mL culture 
grown overnight in LB supplemented with the corresponding antibiotic. 
Middle-scale preparations of plasmid DNA were performed 
beginning with 100 mL cultures grown overnight in LB with antibiotic, 
following the protocol of extraction and purification of plasmid DNA 
indicated in the Qiagen®  Plasmid Midi Kit (Qiagen columns tip-100). 
For large-scale DNA preparations, two different methods were 
used. One of them used the Qiagen® Plasmid Maxi Kit, following the 
instructions of the manufacturer. Alternatively, it was also used a protocol 
which allows to obtain a high concentration of clean plasmid DNA (Peter 
Pimpl, Silke Sturm -Heidelberg, Germany-, personal communication). Briefly, 
bacteria from a 500 mL culture (grown for 24h) were collected. Then, the 
following solutions were sequentially  added at 0ºC: 8 mL of TE 50/1 (50 mM 
Tris-HCl, 1mM EDTA, pH 8.0); 2.5 mL of 10 mg/mL lysozyme; 2 mL 0.5M 
EDTA pH 8.0; and 100 L of 20 mg/mL Ribonuclease A with 150 L 10% 
Triton X-100  in 1 mL of TE 50/1, mixing the samples by inversion and 
incubating them 5 minutes between each step, except the last one, that 




lasted 30-45 minutes. After another centrifugation, the supernatant was 
mixed with equilibrated phenol pH 8.0 with 0.1% 8-hydroxyquinoline, 
shaking vigorously for one minute. The upper phase was recovered and 
chloroform was added, shaking again. The aqueous phase was recovered 
and mixed with 1 mL 5M NaClO4 and 8 mL of isopropyl alcohol (80% of the 
total volume). After centrifugation, the DNA pellet was resuspended in TE 
(10 mM Tris-HCl, 0.1mM EDTA, pH 8.0).  
 
 2.1.2. Isolation of genomic DNA from A. thaliana. 
 A. thaliana genomic DNA was isolated from 100 mg of rosette 
leaves of 3-4-weeks-old plants, before the main shoot elongated, following 
the protocol previously described (Edwards et al., 1991; Blakeslee et al., 
2007). 
 
2.1.3. Isolation of total RNA from A. thaliana. 
To obtain A. thaliana total RNA the Rneasy® Plant Mini Kit (Qiagen) 
system was used. Extraction was set off from 75 mg of the indicated tissue, 
and all the samples were treated with DNAse, following the indications of 
the manufacturer.  
 




Samples were homogenized by grinding them in liquid nitrogen 
with a pestle and after following all the steps of the kit, RNA concentration 
was quantified in a spectrophotometer (Ultrospec 2000, Pharmacia Biotech) 
and total RNA was stored at -80ºC for further use. 
 
 
2.2. Nucleic acids analysis. 
2.2.1. Agarose gel electrophoresis. 
DNA fragments were visualized in 0.6-2% agarose gels  (depending 
on  the size of the fragments to be analysed) in TBE buffer (89 mM Tris, 89 
mM boric acid, 2 mM EDTA, pH 8), stained with 10 g/mL Ethidium Bromide 
(Fluka) or Real Safe® (Durviz, S.L.), and separated by electrophoresis with a 
constant voltage between 80-150 V, immersed in TBE. Samples were 
prepared in 6X Loading buffer (50 % glycerol (v/v), 0.05 % bromophenol blue 
(w/v), 100 mM EDTA). Results were visualized by lighting up the gel with 
ultraviolet light, using the UVITEC system (Cambridge), which allows also 
collecting pictures of the gel. 
 
 




2.2.2. Extraction of DNA fragments from agarose gels. 
After separating the DNA fragments by agarose gel electrophoresis, 
the bands of interest were cut from the gel under UV light with a razor 
blade, and the DNA was purified by Nucleospin® Extract II (Macherey-Nagel) 
kit, following the recommendations of the manufacturer. Extraction and 
purification of DNA fragments by this method is based on the melting of the 
agarose at 50º C and the selective adsorption of nucleic acids in a silica gel 




Sequencing of DNA was carried out by the sequencing service of 
the SCSIE at the University of Valencia, according to the protocol described 
by Sanger et al. (1977), using the equipment ABI3730XL (Life Technologies). 
To this end, specific primers (Table 6) and approximately 50 ng of DNA 
samples (small-scale preparations or PCR products) were sent to the service. 
To do the alignments of the different sequences the program Basic Local 
Alignment Search Tool (BLAST) was run. 
 
 




2.3. Manipulation of nucleic acids. 
2.3.1. Plasmid vectors. 
Table 5 shows all the plasmids used in this work. 
 
Table 5. Plasmid vectors used in this work. 
Plasmid Characteristics Reference 
pBINPLUS See information below (van Engelen et al., 1995) 
pDH51 Ampr, 35S promotor and 
terminator 
(Pietzrack et al., 1986) 
 
2.3.2. Design of the constructs of PIN1:GFP and its different 
mutant versions. 
 The sequence of PIN1::PIN1:GFP:PIN1 (PIN1:GFP), whose scheme is 
represented in figure 15A, was inserted into the pBINPLUS vector (12396 bp) 
(Figure 15B) through the site Sal I, generating a pBINPLUS-PIN1:GFP 
construct of 18759 bp (Benková et al., 2003), from which the different 
mutant versions were obtained. 
Different DNA fragments were synthesized by GeneArt to generate 
the different mutant versions of PIN1:GFP (mutations F165A, Y260A, Y328A, 
Y394A and Y480A) and they were introduced in the pBINPLUS-PIN1:GFP 
construct through the sites Asc I (pBINPLUS cloning site) and Xho I (inside 




PIN1:GFP sequence), except for F165A mutant. The DNA fragment 
containing the F165A mutation was introduced into Spe I and Xho I sites, 
both included in the PIN1:GFP sequence (Figure 15A).  
In total, 5 different mutant versions of PIN1:GFP were generated. 
Each of these mutants had one point mutation in the cytoplasmic loop of 
PIN1:GFP (Figure 17) that results in the substitution of one amino acid by 
alanine (A) (Figure 16). The names of these mutations refer to the original 
amino acid name and their position followed by A (alanine): PIN1:GFP-
F165A, PIN1:GFP-Y260A, PIN1:GFP-Y328A, PIN1:GFP-Y394A and PIN1:GFP-
Y480A (amino acid position in PIN1, in PIN1:GFP is 721). 
 





Figure 15. Schematic diagram of PIN1::PIN1:GFP:PIN1 DNA (A) and the binary vector 
pBINPLUS (B). T-DNA region of pBINPLUS only holds the sequences RB (right border) and LB 
(left border), a resistant marker gene (NPTII, which gives kanamycin resistance), the promoter 
and terminator sequences from the nopaline synthase gene (Pnos and Tnos, respectively) and a 
multiple cloning site (MCS) inside the reporter gene of the -galactosidase (LacZ). 
 
 





Figure 16. Amino acid sequence of PIN1:GFP. Amino acids substituted by alanine in the 
PIN1:GFP mutant versions are in bold. GFP amino acids are in green. 
 
To perform transient gene expression in tobacco protoplasts, Xba I/ 
Sal I DNA fragments of PIN1:GFP and PIN1:GFP-F165A from pBINPLUS 









2.3.3. Enzymatic reactions. 
2.3.3.1. Digestion. 
Digestions were carried out in 1.5 mL tubes with 2.5-5 g of DNA 
for at least 3 h, at the optimal temperature and with the appropriate buffer 
for each enzyme, following the recommendations of the manufacturer. 
 
2.3.3.2. Ligation. 
Ligation reactions were usually performed maintaining 3:1 molar 
proportion between insert and vector. Ligation mix contained 50-175 ng 
of the vector (cut and purified), the amount of insert (cut and purified) 
required to obtain the molar proportions above indicated, ligation 
buffer (5 mM MgCl2, 1 mM DTT, 1 mM ATP, 66 mM Tris-HCl, pH 7.5) and one 
unit of T4 phage DNA ligase (Roche Applied Science) in a total volume of 
15 L. These reactions were performed overnight at 16° C. 
 
2.3.4. Synthesis of cDNA by retrotranscription. 
This procedure allows obtaining complementary DNA (cDNA) from 
RNA by the action of a reverse transcriptase (a viral enzyme that synthesizes 
DNA from a RNA template). The enzyme used was the Expand Reverse 




Transcriptase Roche® (50 U/L), following the instructions of the 
manufacturer.   
The starting point was 1 g of total RNA to which 2 L of 
oligonucleotide dT15 (80 pmoles) and free ribonuclease water up to a 
volume of 10.5 L were added. RNA and the oligonucleotide were 
denatured for 10 min at 65°C and quickly cooled down at 4°C. Then, 9.5 L 
of retrotranscription mix was added, that contains: 1 L reverse 
transcriptase; 0.5 L riboniclease inhibitor (RNase inhibitor Roche®, 40U/L); 
and 2 L of an equimolar mix of 10 mM deoxynucleosides triphosphate, 2 L 
100 mM DTT and  4 L  of  enzyme buffer. Tubes were incubated for 1h at 
43°C and then, the reverse transcriptase was inactivated for 3 min at 
95°C. The cDNA obtained was stored at -20°C until its use. 
 
2.3.5. Amplification by polymerase chain reaction (PCR).  
Amplification reactions were performed in the cycler GeneAmp PCR 
system 2400 (Perkin Elmer), following the instructions contained in the kit 
from Roche PCR Master (Cat. No.1636103).   
Usually, samples consist of the template DNA (1 L from genomic 
DNA isolated as described in section 2.1.2.), 1.5 L of each primer at 1 M 
(Table 6), 8.5 L of H2O provided by the kit and 12.5 L of PCR Master (also 
provided by the kit), which contains dNTPs (dATP, dCTP, dGTP and dTTP at 




0.4 mM), 25 U of DNA polymerase thermophilic eubacterium Thermus 
aquaticus BM (Taq polymerase) in 20 mM Tris-HCl, 100 mM KCl, 3 mM 
MgCl2 and 0.01% (v/v) Brij 35 at pH 8.3, having a total volume of 25 L. In 
some occasions PCR Master was exchanged by Red Taq 2.0x Master Mix 
(VWR), with similar composition.  
Genotypic analysis was performed by PCR for 36 cycles. Each cycle 
is divided in three sections: 30 seconds at 95ºC (denaturation), 30 seconds 
at the respective annealing temperature of specific primers (usually 55°C) 
and 1 min or 2 (since cycle 16) at 72°C (elongation). Finally, a final period of 
7 min at 72° C was added to assure the elongation of all fragments.  
Regarding the PCR from cDNA (RT-PCR), a “hot start” protocol was 
used to avoid non-specific amplification: it consists in running a first 
denaturation period of 2 minutes at 95ºC with only 3 g cDNA from the 
retrotranscription and 2 L of each primer at 10M, diluted in water, up to 
25 L, and then adding 25 L of PCR Master preheated at 50ºC (total 
volume of 50 L). In this case, 10-15 L aliquots of the PCR products were 
taken at a consecutive number of cycles (to check the linear range) and 
incubated for 10 minutes at 72ºC, for further analysis. 
Table 6 lists the primers used in this work, not only for PCR, but also 
for sequencing.  
 




Table 6. Primers used in this work. Actin-7 primers were provided by Isogen Bioscience BV 
(Netherlands) and the rest by TIB® Molbiol Syntheselabor GmbH (Germany). 
Name Gene Sequence (5’3’) Tm (ºC) 
Act3 Actin-7 GGAAAACTCACCACCACGAACCAG 64.4 
Act5 Actin-7 GGATCCAAATGGCCGATGGTGAGG 66.1 
F1655 PIN1 GTCGTTGTTCTTCAGTGTATC 60 
GFP3 GFP GGATCCATCCCAGCAGCTGTTACAAACTC 88 
LBb1 T-DNA GGATCCGCGTGGACCGCTTGCTGCAACT 92 
LPIN PIN1 CAAAAACACCCCCAAAATTTC 58 
LPM pin PIN1 CTCTGTACCTCAGGGGAATAG 64 
RPIN PIN1 AATCATCACAGCCACTGATCC 62 
RPM pin PIN1 GCTGCTTCTGATTTAATTTGTGGG 68 
Y3283 PIN1 GACTATACCGTTACTATTCC 56 
Y3285 PIN1 CAACGCCACGTGGCTCTAG 62 
Y7213 PIN1 GGATCCGCCTAGACCTGCATCTG 74 
Y7215 PIN1 GGATCCCTGCTGGGATTACACAT 70 
 
  




3. ISOLATION AND ANALYSIS OF PROTEINS.    
3.1. Total protein extraction of A. thaliana roots. 
To perform an immunoprecipitation assay to check the levels of 
PIN1:GFP or its mutant version PIN1:GFP-F165A in seedlings treated with or 
without cycloheximide (section 1.2.1.6. Materials and methods), total 
protein extracts of A.thaliana roots (Col-0, PIN1:GFP and PIN1:GFP-F165A) 
were obtained. 
To this end, 100-150 seeds were sown in MS plates over a nylon 
mesh (Sefar) (Col-0, PIN1:GFP and PIN1:GFP-F165A) and grown at 21ºC, 
16h/8h photoperiod. 5-days-old seedlings were transferred to another MS 
plate containing or not 50 M cycloheximide. After 2 hours of incubation, 
roots were cut with a razor blade, dried well and frozen in liquid nitrogen. 
Next, they were ground with mortar and pestle, maintaining always the 
sample frozen by adding liquid nitrogen from time to time. The powder 
obtained was transferred to a microcentifuge tube with 0.2-0.3 mL of Lysis 
buffer (0.05 M Tris-HCl; 0.5% Triton X-100; 1 mM EDTA; 1 mM PMSF; 0.15 M 
NaCl; pH 7.5) and 0.1% Protease Inhibitor Cocktail Sigma® (IPs), leaving it on 
ice for 10 minutes and mixing it with vortex frequently. The resultant 
supernatant after two centrifugations of 5 and 3 minutes respectively, at 
13000 rpm and 4ºC, was the total protein extract. 
 




3.2. Determination of protein concentration. 
Two different systems were used to quantify the amount of 
proteins in a sample:   
- Bio-Rad Protein Assay kit:  it is based on the method described by 
Bradford (1976), which allows to correlate the variation of absorbance at 
595 nm from an acidic solution of Coomasie Brilliant Blue G-250 with the 
quantity of proteins in a sample (optimum range of 0.2-20 mg/mL of 
protein), comparing it with standards of bovine serum albumin (BSA). 
- BCA Protein Assay Kit Pierce®: it was used to measure many 
samples in a multiwell plate, following the same mechanism as the protocol 
described before but using bicinchoninic acid.  
 
 
3.3. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and gel 
staining. 
Proteins from different samples were separated through 
electrophoresis in vertical gels of SDS-polyacrylamide, following the Laemmli 
protocol (1970), at constant voltage (100 V). Samples were prepared in 
reduction conditions (with -mercaptoethanol), mixing them 1:1 with 
Sample buffer 2x (SB) and incubating them at 100ºC for four minutes.  




Solutions and buffers used were: 
- Electrophoresis buffer: 192 mM glycine, 25 mM Trizma® base, 0.1% 
SDS, pH 8.3. 
- Sample buffer 2x (SB): 125 mM Tris-HCl, 20% glycerol, 4% SDS, 25 
g/mL Bromophenol blue and 50 l/mL of 14 M-mercaptoethanol, 
pH 6.8. 
- Running gel: 8-14% polyacrylamide [30% acrylamide/bis (29:1), Bio-
Rad], 0.39 mM Tris-HCl pH 8.8, 0.1% SDS, 0.1% APS (ammonium 
persulfate, Bio-Rad), 1/1000-1/2500 TEMED (N, N, N’, N’,-
tetramethilethilendiamine, Bio-Rad). 
- Stacking gel: 5% polyacrylamide, 0.13% Tris-HCl pH 6.8, 1% SDS, 0.1% 
APS, 1/1000 TEMED.  
 After SDS-PAGE, proteins may be transferred to a nitrocellulose 
membrane to perform Western analysis (section 4.4. Materials and 
methods) or else they can be visualized staining the gels with Coomassie 
Blue staining solution [2.5% Coomassie Blue R250 (w/v); 40 % methanol 
(v/v); 7 % acetic acid (v/v)]. After 1 hour of gentle shaking (see-saw rocker 
SSL4, Stuart), several washing steps to fade gels were done to be able to 
detect the proteins. First, a 50% methanol and 10% acetic acid solution was 
added to wash for 30 minutes approximately (the solution was changed 
every 10 minutes), and then methanol percentage was reduced to 10%. Gels 
were stored in 7.5% acetic acid and they were dried with Gel dryer 583 (Bio-
Rad).  
 




3.4. Protein detection: Western blot analysis. 
Western blotting is based on the indirect detection of proteins 
placed in a nitrocellulose membrane, using specific antibodies. The solutions 
and buffers used were: 
- Transfer buffer: 25 mM Trizma® base; 192 mM glycine; 20% MeOH; 
pH 8.5. 
- Blotto-Tween: powdered milk in 3-5% PBS; 0.01% Tween 20. 
- TBS:  25 mM Tris-HCl, 150 mM NaCl, pH 7.5. 
- TBS-Tween (TBS-T): 0.01% Tween 20 in TBS. 
- PBS-BSA:  PBS (8 mM Na2HPO4, 1.7 mM KH2PO4, 137 mM NaCl, 2.7 
mM KCl), 2 mg/mL BSA, 0.02% sodium azide. 
Proteins separated by SDS-PAGE were transferred to a 
nitrocellulose membrane of 0.45 μm (Bio-Rad) following the Burnette 
protocol (Burnette, 1981) through a humid transfer system (Bio-Rad) with 
constant voltage (100 V) for minimum 1 hour, all immersed in Transfer 
buffer. 
To check the efficiency of the transfer and the loading amount in 
every sample, proteins were stained with Ponceau S 0.5% solution (SIGMA). 
Then, membranes were blocked with blotto-Tween for 1 hour at RT with 
gentle shaking (see-saw rocker SSL4, Stuart), which was maintained during 
all the process. After blocking, they were incubated with the pertinent 
primary antibody diluted in PBS-BSA, from 1 hour (RT) to 16 hours (4ºC), 




depending on the antibody (Table 7). Next, 5 incubations of 5 minutes with 
TBS-T were done to wash out the excess of antibody before the incubation 
with the secondary antibody conjugated to horseradish peroxidase (HRP) 
(Table 7), for 1 hour. After the incubation, the excess of secondary antibody 
was washed out as the primary antibody. 
 Developing was performed by the Enhanced chemiluminescence 
method (ECL), which is based on the chemiluminiscence reaction of luminol. 
The enzyme HRP, linked to secondary antibodies, catalyses the oxidation of 
luminol when there is hydrogen peroxide in alkaline conditions, which 
generates a product that emits luminescence (Whitehead et al., 1979). 
Protocol was followed as the manufacturer recommends (Western blotting 
detection reagents, Amersham biosciences), using films CL-X Posure 
(PIERCE) and developer and fixation solutions (Tetenal) or the automatic 
system Molecular Imager® ChemiDoc™ XRS+ Imaging system (Bio-Rad), with 
variable exposure times. 
Nitrocellulose membranes can be reused for another Western blot 
analysis. To this end, previous antibodies must be removed, so membranes 
were incubated with 0.5 M glycine pH 2.5 for 15 minutes at RT with constant 








Table 7. Antibodies used in this work. 
Primary Antibodies 
Target Host Dilution Reference 
Calreticulin (EM) Rabbit 40 g/mL L Jiang (Hong Kong) 
GFP Rabbit 1:200 Life Technologies 
GFP (EM) Rabbit 40 g/mL L Jiang (Hong Kong) 
GFP-MA1 Mouse 2 g/sample (IP) Pierce 
Secondary Antibodies (IgG conjugated with HRP) 
Target Host Dilution Reference 
IgG Mouse Donkey 1:7500 GE Healthcare 





Total protein extracts from A. thaliana roots (section 3.1. Materials 
and methods) of 3.5-7 mg/mL were incubated with 2 g of MA1 antibody, 
which recognized GFP, for 16 hours at 4ºC and 8 rpm in a rotating wheel. 
After one centrifugation of 13000 rpm, 4ºC for 3 minutes to remove any 
pellet or aggregate, the extracts were incubated for four hours with Sheep 
anti-Mouse IgG Dynabeads® (Invitrogen) at 4ºC and 8 rpm, (100 L of beads 
per sample). The antibody that coats the beads is able to recognise MA1 
antibody and therefore it is able to bind all the molecules linked to it 
through GFP (as PIN1:GFP and its mutant versions). Finally, beads were 




washed four times with lysis buffer and proteins were extracted by heating 
the samples at 100ºC for 4 minutes in 40 L of Sample buffer 2x (SB), to 




4. IN SITU DETECTION AND VISUALIZATION OF PROTEINS. 
4.1. Confocal microscopy. 
Confocal fluorescent images from 4-days-old seedlings were 
collected using a Zeiss LSM 510 confocal microscope with 63x water lens or 
an Olympus FV1000 confocal microscope with 60x water lens. Fluorescence 
signals for GFP (excitation 488 nm, emission 507 nm) and RFP or FM4-64 
(excitation 519 nm, emission 607-655 nm) were detected. Sequential 











 For immunolocalization assays, 4-days-old A. thaliana seedlings 
were used. Whole-mount samples were analysed by immunofluorescence 
microscopy, as previously described (Sauer et al., 2006), using the InsituPro 
VSi (Intavis AG) robot. Immunolocalization data was generated from three 
independent experiments per genotype or treatment using 30-40 roots in 
total. The antibodies and dilutions used in this work are described in Tables 
8 and 9.  
 
 
4.3. Fluorescence recovery after photobleaching (FRAP). 
FRAP experiments were performed with Olympus FV100 confocal 
microscope in stele cells of A. thaliana roots of 4-days-old expressing 
PIN1:GFP or PIN1:GFP-F165A.  
Seedlings were placed on chambered cover glasses (Nunc Lab-Tek), 
and they were covered with 0.2 mm thin square blocks of solid MS media. 
Bleaching was performed in a specific zone of the root containing more than 
6 inner stele cells, for 2 minutes at 100% main laser power. Confocal 
fluorescent images were collected as described in section 4.1. 
 
 




Table 8. Primary antibodies used in this work for immunolocalization. 
Marker Localization Host Dilution Reference 
BiP  ER Mouse 1:200 SPA-818 
assaydesigns.com 
BiP2 ER Rabbit 1:200 AS09 481 - Agrisera 
SMT1 ER Rabbit 1:200 (Boutté et al., 2009) 
Sec21 Golgi Rabbit 1:800 David G Robinson 
ARF1 Golgi & TGN Rabbit 1:600 AS08 325 Agrisera 
Knolle TGN  Rabbit 1:1000 Gerd Jürgens 
SCAMP1 TGN Rabbit 1:250 (Lam et al., 2007a) 
VTI12 TGN Rabbit 1:200 (Sanmartín et al., 2007) 
V-ATPase 
(H+) 
TGN Rabbit 1:400 Karen Schumacher 
(Heidelberg, Germany) 




PVC Rabbit 1:100 (Haas et al., 2007) 
SNX 2a PVC Rabbit 1:200 (Niemes et al., 2010a) 
MIN7 Endosomes Rabbit 1:1000 (Nomura et al., 2006) 
E2 I EXPOs Rabbit 3.65 l/ml Liwen Jiang 
E2 II EXPOs Rabbit 3.04 l/ml Liwen Jiang 
GFP R  Rabbit 1:600 Invitrogen Mol. Probes 
A6455  
GFP M  Mouse 1:600 Sigma G6539 
 




Colour Anti-host Dilution Reference 
A488 Green Anti-rabbit 1:600 Invitrogen A11034 
A488 Green Anti-mouse 1:600 Invitrogen A11029 
Cy3 Red Anti-rabbit 1:600 SIGMA C2306 
Cy3 Red Anti-mouse 1:600 SIGMA C2181 
 




4.4. Electron microscopy (EM).  
 The general procedures for transmission EM sample preparation, 
thin sectioning, and immunogold labelling were performed essentially as 
described previously (Tse et al., 2004; Gao et al., 2012). Root tips of 4-days-
old A. thaliana seedlings expressing PIN1:GFP or PIN1:GFP-F165A were cut 
and immediately frozen in a high-pressure freezer (EM PACT2; Leica), 
followed by subsequent freeze substitution in dry acetone containing 0.1% 
uranyl acetate at -85°C in an AFS freeze substitution unit (Leica). Infiltration 
with Lowicryl HM20, embedding, and uv polymerization were performed 
stepwise at -35°C. Immunogold labelling was performed with GFP or 
calreticulin antibodies (Table 7) at 40 g/mL and gold-coupled secondary 
antibody at a 1:50 dilution. Transmission EM examination was done with a 
Hitachi H-7650 transmission electron microscope with a charge-coupled 
device camera (Hitachi High-Technologies) operating at 80 kV.  













CHAPTER I: CHARACTERIZATION OF MUTANT VERSIONS OF 
PIN1-GFP IN RESIDUES WHICH MAY BE PART OF PUTATIVE 
SORTING SIGNALS. 
Previous experiments done in the lab (Soriano-Ortega, 2009) were 
used to identify putative sorting signals in the cytosolic loop of PIN1 
involved in its interaction with -adaptins and clathrin. These results can be 
summarized as follows. 
First, pull-down experiments were performed using a GST-fusion 
protein containing the complete cytosolic loop of PIN1 (GST-PIN1CL) and 
Arabidopsis cytosolic extracts as a source of plant adaptins. These 
experiments showed that the cytoplasmic loop of PIN1 is able to interact 
specifically with cytosolic adaptins and clathrin (Soriano-Ortega, 2009). 
The cytoplasmic loop of PIN1 contains putative sorting signals for 
its inclusion in clathrin coated vesicles. In particular, 4 tyrosine residues 
(Y260, Y328, Y394, Y480) and 1 phenylalanine residue (F165) (Figure 17) 
were found to be important in this process (see below).  
Concerning the 4 Tyr residues, they were selected because they 
could match the consensus YxxΦ or NPXY motifs which have been shown to 
be recognized by the -subunit of adaptor complexes (section 2.1.2. 
Introduction). In the case of the Phe residue, it was selected because it is 
part of a motif remarkably similar to one of the endocytosis signals present 
in the cytosolic tail of the mammalian mannose 6-phosphate receptor. This 




motif (MEQFP), where it is essential the presence of the phenylalanine 
residue, has been shown to interact specifically with AP-2 (the clathrin 
adaptor specifically involved in endocytosis), but not with AP-1 (Höning et 
al., 1997). This motif is present in all PINs that are typically targeted polarly 
to the plasma membrane. PINs 3, 4 and 7 contain exactly the same MEQFP 
motif, while PIN1 and PIN 2 contains a very similar one (SEQFP) (residues 
162-166); PIN6, that accumulates in internal membranes consistent with the 
ER (Bender et al., 2013), has the most divergent version (only FP residues 
conserved). In contrast, this motif is not present in PIN5 and PIN8, which 
localize to the ER (Dal Bosco et al., 2012). 
To identify which of the -adaptins were able to interact with the 
cytosolic loop of PIN1, the receptor binding domain (RBD) of the four 
Arabidopsis -adaptins (A-D), with a C-terminal His-tag for purification 
(His-RBD-A-D), was expressed in bacteria. GST-PIN1CL was incubated in 
vitro with each of the purified His-RBD- adaptins. Binding of -adaptins to 
the cytosolic loop of PIN1 was analyzed by Western blot analysis using His-
antibodies. These experiments showed that the cytosolic loop of PIN1 binds 
specifically to the receptor binding domain of the 4 -adaptins, although B 
and D seem to bind much more efficiently (Soriano-Ortega, 2009). 
 
 





Figure 17. Drawing of PIN1 protein, including their 10 transmembrane domains and the 
cytoplasmic loop (CL). This loop contains putative sorting signals (sequences are indicated in 
single-letter amino acid notation) for its inclusion in clathrin coated vesicles. The residues 
selected to be mutated to alanine in each putative sorting signal are marked in orange, and 
their position is indicated in brackets. 
 
To test whether the selected residues had the ability to mediate the 
interaction with -adaptins, GST-fusions were prepared including the 
portions of the cytosolic loop containing each of these residues and were 
incubated with the purified His-RBD- adaptins. In parallel, mutant versions 
of these portions, with point mutations affecting these residues, were also 
analysed for His-RBD- adaptin binding. The results obtained can be 
summarized in Table 10 (Soriano-Ortega, 2009). 
 




Table 10. Binding of Arabidopsis -adaptins (RBD) to regions of the cytoplasmic loop of PIN1 
containing the selected residues in pull-down experiments. 
 
Residue -adaptin binding  
F165 A (2), D (3) 
Y260 B (1), A (2), D (3) 
Y328 A-D 
Y394 A-D 
Y480 B (1), C (4) 
 
The indicated -adaptins bound to the region containing the indicated residues but not to 
mutant versions of these residues. Arabidopsis -adaptins are named as A-D, since their 
presence in putative AP complexes has not yet been characterized. However, the putative 
equivalent -adaptins in mammals (1-4) are shown in brackets. 
 
Therefore, all selected residues were able to interact with -adaptins 
in vitro. F165 and Y480 appear to be more selective, since they only bind 
two of the -adaptins, while Y328 and Y394 appear to bind the four of them. 
 
 
1.1. Expression of mutant versions of PIN1:GFP in A. thaliana wild 
type plants (wt background). 
 Based on these previous results, it was decided to generate five 
different mutant versions of PIN1:GFP with point mutations affecting these 
residues (section 2.3.2. Materials and methods) and expressed them in A. 




thaliana (Col-0) plants (wt background). As a control, the wild type version 
of PIN1 with a GFP tag (PIN1::PIN1:GFP:PIN1) (section 2.3.2. Materials and 
methods) was also expressed in Arabidopsis thaliana (Col-0) plants. This 
protein has been previously checked to be functional (Benková et al., 2003), 
and we have also found that it was able to rescue the pin1 phenotype (see 
below, section 1.2.1.). Seeds of A. thaliana expressing PIN1:GFP in wt 
background were provided by Jiří Friml (Vienna, Austria). Below, it is 
described how the transgenic lines of the different mutant versions of 
PIN1:GFP were obtained. 
 
1.1.1. PIN1:GFP-F165A transgenic lines (F165A mutant).  
Arabidopsis thaliana (Col-0) plants were transformed with a 
pBINPLUS construct containing the F165A mutant version of PIN1:GFP 
(PIN1:GFP-F165A, also F165A mutant) (section 2.3.2. Materials and 
methods). In total, 24 independent plants able to grow in MS plus 
kanamycin (MSK) were selected (section 1.2.1.3. Materials and methods). 
Four of them died after being transferred to soil, fourteen plants showed 
some slight phenotypic alterations in phyllotaxis and in their fruits, with 
reduced number of seeds or some aberrant siliques, and another two plants 
were sterile. 
To know the number of loci in which the T-DNA had been inserted, 
segregation analysis of several transformants (Table 11) was performed 




(section 1.2.1.4. Materials and methods). Approximately 40 seeds of each 
transfomant and 40 control seeds (from non-transformed wild type plants) 
were sown in MSK and checked for kanamycin resistance 8 days after 
sowing (section 1.2.1.3. Material and methods). When kanamycin test was 
not conclusive due to the presence of chlorotic spots in the seedling, GFP 
expression was checked in roots of 4-days-old seedlings (section 1.2.1.3. 
Materials and methods).  
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1P* 40 27 13 1.3/4 3:1 1.03 1 
2 45 40 5 1.78/16 15:1 1.14 2 
5 P 40 35 5 0.5/4 3:1 3.7 1 
6 P 40 33 7 0.7/4 3:1 1.43 1 
8* 43 25 18 - 1:1 - - 
11 P 43 24 19 - 1:1 - - 
12 P 35 35 0 - - - - 
15  40 27 13 1.3/4 3:1 1.035 1 
17* 39 21 18 - 1:1 - - 
18 P 46 30 16 1.39/4 3:1 2.12 1 
19 40 30 10 1/4 3:1 0 1 
Control 40 0 40 - - - - 
 
P: Plants with phenotypic alterations. *: Analysis based on the presence of GFP (fluorescent:non 
fluorescent). 
 




Segregation of 8, 11, 12 and 17 transformants do not adjust to any 
expected segregation (section 1.2.1.4. Materials and methods). In contrast, 
segregation of 1, 5, 6, 15, 18 and 19 fitted the 3:1 (resistant:sensitives) 
segregation ratio, which correlated with the insertion of the transgene at a 
single locus. The segregation data of transformant 2 suggested that the 
transgene was inserted at two different loci. Four transformants (6, 15, 18 
and 19) with a 3:1 segregation, corresponding with T-DNA insertion at a 
single locus (with or without phenotypic defects), were selected to generate 
the homozygous lines that have been used in this work (section 1.2. 
Materials and methods). The homozygous plants 6-6, 15-1, 19-6 and 18-5 
generated the PIN1:GFP-F165A homozygous lines 1, 2, 3 and 4, respectively, 
that have different levels of expression (see below). 
 
   1.1.2. PIN1:GFP-Y260A transgenic lines (Y260A mutant). 
Arabidopsis thaliana (Col-0) plants were transformed with a 
pBINPLUS construct containing the Y260A mutant version of PIN1:GFP 
(PIN1:GFP-Y260A, also Y260A mutant) (section 2.3.2. Materials and 
methods). In total, 23 independent plants able to grow in MSK were 
obtained (section 1.2.1.3. Materials and methods), although two of them 
died after being transferred to soil. Nine plants showed some slight 
phenotypic alterations in phyllotaxis and in their fruits, with a reduced 
number of seeds or some aberrant siliques, and one plant was sterile. 




To know the number of loci in which the T-DNA had been inserted, 
segregation analysis (section 1.2.1.4. Material and methods) of several 
transformants was performed (Table 12).   
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1P 44 37 7 0.64/4 3:1 3.26 1 
2 45 40 5 1.78/16 15:1 1.14 2 
5P 40 22 18 - 1:1 - - 
10 44 34 10 0.91/4 3:1 0.21 1 
12 45 36 9 0.8/4 3:1 0.76 1 
14P  42 41 1 0.38/16 15:1 0.05 2 
17P 40 33 7 0.7/4 3:1 1.43 1 
19 40 34 6 0.6/4 3:1 2.43 1 
21 40 32 8 0.8/4 3:1 0.7 1 
22P 38 24 14 1.47/4 3:1 2.56 1 
Control 40 0 40 - - - - 
 
 P: Plants with phenotypic alterations. 
 
Segregation of transformants 1, 10, 12, 17, 19, 21 and 22 fitted the 
3:1 (resistants:sensitives) segregation ratio, which correlated with insertion 
of the T-DNA at a single locus.  




The transformants 1, 12, 19 and 21 were selected to generate the 
homozygous lines that have been used in this work. The homozygous plants 
1-2, 12-5, 21-6 and 19-4 generated the PIN1:GFP-Y260A homozygous lines 
1, 2, 3 and 4, respectively. 
 
1.1.3. PIN1:GFP-Y328A transgenic lines (Y328A mutant). 
Arabidopsis thaliana (Col-0) plants were transformed with a 
pBINPLUS construct containing the Y328A mutant version of PIN1:GFP 
(PIN1:GFP-Y328A, also Y328A mutant) (section 2.3.2. Materials and 
methods). In total, 25 independent plants able to grow in MSK were 
obtained (section 1.2.1.3. Materials and methods), although four of them 
died after being transferred to soil. Ten plants showed slight phenotypic 
alterations in phyllotaxis and in their fruits, with a reduced number of seeds 
or some aberrant siliques, and three other plants were sterile. 
 Segregation analysis of several transformants was performed 
(section 1.2.1.4. Material and Methods). Analysis results are shown in Table 
13. 
Segregation of transformants 1, 4, 13, and 19 fitted the 3:1 
(resistants:sensitives) segregation ratio, which correlated with the insertion 
of the T-DNA in only one locus. They were selected to generate the 
homozygous lines that  have been  used  in this  work. The homozygous plants 




1-4, 4-2, 13-3 and 19-7 generated the PIN1:GFP-Y328A homozygous lines 1, 
2, 3 and 4, respectively, that have different levels of expression (see below). 
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1 40 33 7 0.7/4 3:1 1.31 1 
4 43 35 9 0.65/4 3:1 0.63 1 
7 53 52 1 0.30/16 15:1 2.45 2 
9P 40 37 3 1.2/16 15:1 0.03 2 
13P 40 30 10 ¼ 3:1 0 1 
14P  40 37 3 1.2/16 15:1 0.03 2 
19 42 32 10 0.95/4 3:1 0.09 1 
22 46 45 1 0.35/16 15:1 2.00 2 
Control 40 0 40 - - - - 
 
P: Plants with phenotypic alterations. 
    
1.1.4. PIN1:GFP-Y394A transgenic lines (Y394A mutant). 
Arabidopsis thaliana (Col-0) plants were transformed with a 
pBINPLUS construct containing the Y394A mutant version of PIN1:GFP 
(PIN1:GFP-Y394A, also Y394A mutant) (section 2.3.2. Materials and 
methods). In total, 30 independent plants able to grow in MSK were 
obtained (section 1.2.1.3. Materials and methods), although fourteen of 
them died after being transferred to soil. Nine plants showed slight 




phenotypic alterations in phyllotaxis and in their fruits, with a reduced 
number of seeds or some aberrant siliques.  
Segregation analysis of several transformats was performed 
(section 1.2.1.4. Material and methods). Analysis results are shown in Table 
14. 
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1 41 20 21 - 1:1 - - 
2P* 35 21 14 1.6/4 3:1 3.84 1 
4P 40 32 5 0.5/4 3:1 3.69 1 
5P 40 26 14 1.4/4 3:1 1.9 1 
6P* 43 32 11 1.02/4 3:1 0.1 1 
7 40 38 2 0.8/16 15:1 0 2 
8P* 42 28 14 1.33/4 3:1 1.37 1 
9 40 36 4 1.6/16 15:1 0.51 2 
12 41 35 6  0.58/4 3:1 2.66 1 
14 46 32 14 1.22/4 3:1 0.61 1 
16 45 39 6 0.53/4 3:1 3.61 1 
17* 40 29 11 1.1/4 3:1 0.1 1 
23P 42  38 4 1.52/16 15:1 0.38 2 
24P 36  29 7 0.78/4 3:1 0.53 1 
27P 40 39 1 0.4/16 15:1 1.63 2 
28P* 42 27 15 1.43/4 3:1 2.31 1 
Control 40 0 40 - - - - 
 
P: Plants with phenotypic alterations. *: Analysis based on presence of GFP (fluorescent:non 
fluorescent). 




Segregation of transformants 2, 4, 5, 6, 8, 12, 14, 16, 17, 24 and 28 
fitted the 3:1 (resistants:sensitives) segregation ratio, which correlated with 
the insertion of the T-DNA in only one locus. Transformants 4, 16, 24 and 28 
were selected to generate the homozygous lines that have been used in this 
work. The homozygous plants 4-6, 16-4, 24-5 and 28-2 generated the 
PIN1:GFP-Y394A homozygous lines 1, 2, 3 and 4, respectively, that have 
different levels of expression (see below). 
 
1.1.5. PIN1:GFP-Y480A transgenic lines (Y480A mutant). 
Arabidopsis thaliana (Col-0) plants were transformed with a 
pBINPLUS construct containing the Y480A mutant version of PIN1:GFP 
(PIN1:GFP-Y480A, also Y480A mutant) (section 2.3.2. Materials and 
methods). In total, 21 independent plants able to grow in MSK were 
obtained (section 1.2.1.3. Materials and methods), although two of them 
died after being transferred to soil.  
Segregation of transformants 8, 14, 15 and 18 fitted the 3:1 
(resistants:sensitives) segregation ratio, which correlated with the insertion 
of the T-DNA in only one locus. They were selected to generate homozygous 
lines that have been used in this work. The homozygous plants 14-3, 15-5, 
18-1 and 8-1 generated the PIN1:GFP-Y480A homozygous lines 1, 2, 3 and 4, 
respectively, that have different levels of expression (see below). 
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3 38 34 4 1.68/16 15:1 0.66 2 
5 40 36 4 1.6/16 15:1 0.51 2 
7 40 40 0 - - - - 
8 43 35 8 0.74/4 3:1 1.14 1 
12 43 24 19 - 1:1 - - 
13 44 43 1 0.36/16 15:1 1.88 2 
14 40 31 9 0.9/4 3:1 0.23 1 
15 38 24 14 1.47/4 3:1 2.55 1 
16  41 40 1 0.4/16 15:1 1.75 2 
17 37 33 4 1.73/16 15:1 0.75 2 
18 40 33 7 0.7/4 3:1 1.43 1 
20 39 22 17 - 1:1 - - 
21 42 42 2 0.76/16 15:1 0.48 2 
Control 40 0 40 - - - - 
 
P: Plants with phenotypic alterations. 
 
 
1.2. Expression of PIN1:GFP and different mutant versions of 
PIN1:GFP in A.thaliana pin1 plants (pin1 background). 
 To test the functionality of the different mutant versions of 
PIN1:GFP, pin1 A. thaliana plants that express these versions were 
generated. The purpose of this functional analysis was to show whether 
these mutant proteins were able to rescue the pin1 phenotype. The pin1 




mutant (Figure 18) has no flowers or flower-related structures with no 
stamens and abnormal number and shape of petals. It also shows structural 
abnormalities in leaves, some of them much wider because the major vein is 
branched at the base, and cotyledons are often fused or deformed. 
Phyllotaxis is also altered on the inflorescence axes, since leaves and axillary 
shoots are often formed in opposite positions along the inflorescence axis 
(Okada et al., 1991; Furutani et al., 2004). 
First, pin1 plants heterozygous for the T-DNA from the mutant 
Salk_047613 were crossed with plants expressing PIN1:GFP or its mutant 
versions in wild type background (section 1.1. Results and discussion; 
section 1.2.1.5. Materials and methods). Due to sterility of pin1 mutants, 
homozygous pin1 plants cannot be used for the crosses. Then, selection of 
plants from the crosses was done by PCR, using specific primers for 
PIN1:GFP and also for endogenous PIN1, as described below. As both pin1 
and PIN1:GFP (or its mutant versions) plants carried the same antibiotic 
(kanamycin) resistance gene, antibiotic selection could not be performed. 
 





Figure 18. Phenotype of the pin1 mutant (Okada et al., 1991). Inflorescence with no flowers or 
flower-related structures (A, B); inflorescence with a pistil-like structure without sepals, petals 
and stamens at the top (C); flower with no stamens and petals with abnormal shapes and 
variable number (from two to six) (D); transverse section at the top of the axis has no floral 
meristems (E);  Leaves wider than wt because the major vein is branched at the base (F); ovules 
not developed at pistil-like structures (G); Leaves and axillary shoots formed in “opposite” 
positions along the inflorescence axis and not in “alternate” positions as the wt (H).  
 
1.2.1. PIN1:GFP in pin1 background. 
PIN1:GFP plants were crossed with pin1 plants heterozygous for the 
T-DNA to obtain the PIN1:GFP line in pin1 background as a control for 
further experiments. 




Ten plants from F1 seeds derived from reciprocal crosses were 
analyzed by PCR to check for the presence of both PIN1:GFP and the T-DNA 
insertion in PIN1 (Figure 19).  The presence of PIN1:GFP was confirmed by a 
first PCR using the GFP3 primer (specific of GFP) and the LPM pin primer 
(specific of PIN1). All plants amplify a DNA fragment of approximately 1 kb 
(corresponding to PIN1:GFP). The presence of the T-DNA insertion in PIN1 
was checked by a second PCR using the primers RPIN (specific of PIN1) and 
LBb1 (specific of T-DNA) that amplified a DNA fragment of approximately 0.5 
kb (corresponding to the pin1 T-DNA mutant) (Table 6). Plants with genomic 
DNA that amplified the two DNA fragments were selected. 
 350 seeds from one selected F1 plant were sown in soil (section 
1.2.1.1. Materials and methods) to perform a phenotypic analysis of the F2 
plants 50 days after sowing. While 336 F2 plants did not show any 
phenotypic alteration, the others 14 F2 plants, showed a pin1 phenotype. 
The results obtained showed that PIN1:GFP can rescue the pin1 phenotype 
(Benková et al., 2003) (Table 16).  
The first 100 plants were analysed by PCR to identify the ones that 
expressed PIN1:GFP in pin1 background by using the RPIN and LPIN primers 
(Table 6). These primers amplified a DNA fragment of 1125 bp 
(corresponding to endogenous PIN1) when using wild type genomic DNA 
which does not occur when using pin1 genomic DNA due to the T-DNA 
insertion. In addition, these primers also amplified a DNA fragment of 2085 
bp (corresponding to PIN1:GFP) when using genomic DNA of PIN1:GFP 




plants (Figure 20). Therefore, genomic DNA from heterozygous and 
homozygous PIN1:GFP plants in pin1 background amplified only one 
fragment (2085 pb) when using these primers (Figure 20). To identify the 
homozygous plants for PIN1:GFP, the progeny of the plants that amplified 
the 2085 pb fragment was scored for GFP fluorescence in roots (section 
1.2.1.5. Materials and methods). 
  
 
Figure 19. Identification of F1 PIN1:GFP x pin1 plants by PCR. Genomic DNA extraction and 
PCR were performed as described in sections 2.1.2. and 2.3.5. of Materials and methods. The 
presence of PIN1:GFP was confirmed by a first PCR using the GFP3 primer (specific of GFP) and 
the LPM pin primer (specific of PIN1). The presence of the T-DNA insertion in PIN1 (pin1) was 
checked by a second PCR using the primers RPIN (specific of PIN1) and LBb1 (specific of T-DNA). 
See text for details. Col., wild type plant. 
 
Table 16. Expected phenotype segregation of 352 F2 plants of PIN1:GFP x pin1. 




Total number of 
plants 
Rescue 22 330 352 
Not rescue 88 264 352 
 
It is shown the expected number of the different F2 phenotypes either when PIN1:GFP rescues 
the pin1 phenotype or not.  Phenotype scored 50 days after sowing. 
 





Figure 20. PCR analysis of 16 PIN1:GFP x pin1 F2 plants. Genomic DNA and RPIN and LPIN 
primers were used and 36 cycles were performed per reaction. These primers amplified a DNA 
fragment of 1125 bp (wild type genomic DNA) and a fragment of 2085 bp (PIN1:GFP genomic 
DNA). No fragment is amplified with pin1 genomic DNA. Therefore, plants number 5, 8 and 15 
correspond to PIN1:GFP plants in pin1 background. Col, wild type plant. P, pin1 phenotype. 
 
 As previously described (Benková et al., 2003), all identified 
PIN1:GFP in pin1 background plants showed the same phenotype as A. 
thaliana (Col-0) plants (Figure 20), confirming that PIN1:GFP is functional 
and can rescue the pin1 phenotype. 
 
1.2.2. Mutant versions of PIN1:GFP in pin1 background. 
Three homozygous lines in wt background of every mutant version 
of PIN1:GFP were crossed with pin1 heterozygous plants, generating F1 
seeds.  
Plants from F1 seeds derived from reciprocal crosses were analyzed 
to confirm the presence of the mutant version of PIN1:GFP and the T-DNA 
insertion in PIN1 as described above for PIN1:GFP. 
 




1.2.2.1. PIN1:GFP-F165A.   
 350 seeds of one selected F1 plant from the cross of pin1 and every 
homozygous line of PIN1:GFP-F165A (F165A 1 to 3) were sown in soil to 
perform a phenotypic analysis of the F2 plants.  The results obtained are 
shown in Table 17.   
 









F165A 1 28 66 256  
F165A 2 83 --- 267  
F165A 3 22 57 271 
 
  
Out of the three lines of PIN1:GFP-F165A analysed, one of them did 
not rescue the pin1 phenotype (line 2) (Tables 16 and 17), and the other two 
only did it partially (lines 1 and 3), reflected by the presence of plants 
showing severe defects in flowers and fruits and extreme reduction in the 
number of seeds, in addition to pin-like inflorescences (Figure 21).  
 





Figure 21. Flower defects observed in the lines 1 and 3 of PIN1:GFP-F165A in pin1 
background. A. PIN1:GFP flower. B and C. PIN1:GFP-F165A flowers from lines 1 and 3, with 
abnormal shape and number of flower-related structures. The arrow points to a pin-like 
inflorescence. 
 
 PCR analysis was performed to identify plants that expressed 
PIN1:GFP-F165A  in pin1 background by using the RPIN and LPIN primers, as 
previously described (Figure 22). To identify the homozygous plants for 
PIN1:GFP-F165A, the progeny of the plants that amplified only the 2085 pb 
fragment was scored for GFP fluorescence in roots (section 1.2.1.5. 
Materials and methods). The results obtained indicate that all plants with 
genomic DNA containing PIN1:GFP-F165A and homozygous for the T-DNA 
insertion in PIN1 showed flowers with severe defects (lines 1 and 3) or a 
pin1 phenotype (line 2) (Figure 22), confirming the phenotype analysis 
shown above.  
 
 





Figure 22. PCR analysis of 16 PIN1:GFP-F165A-2 x pin1 F2 plants. Genomic DNA and RPIN and 
LPIN primers were used and 36 cycles were performed per reaction. These primers amplified a 
DNA fragment of 1125 bp (wild type genomic DNA) and a fragment of 2085 bp (PIN1:GFP 
genomic DNA). No fragment is amplified with pin1 genomic DNA. Col., wild type plant. P, pin1 
phenotype. Plant 16 corresponds to a PIN1:GFP-F165A plant in pin1 background that shows a 
pin1 phenotype.  
 
Analysis of PIN1:GFP expression levels of the different lines of 
PIN1:GFP-F165A (section 1.1.1. Results and discussion) were performed to 
know if they were related to the phenotypic defects found in pin1 
background. After total RNA extraction (section 2.1.3. Materials and 
methods), RT-PCR was performed by using LPM pin and GFP3 primers for 
the PCR. As a control, the mRNA levels of Actin-7 (ACT7) as a housekeeping 
gene were analysed (sections 2.3.4. and 2.3.5. Materials and methods). 
When compared the PIN1:GFP expression levels in the PIN1:GFP line to the 
levels in the PIN1:GFP-F165A lines, the results obtained indicated that the 
phenotypic defects found in the mutant lines were not due to low 
expression levels of  PIN1:GFP-F165A (Figure 23).  
Altogether these results indicated that the mutated amino acid 
residue (F165) is essential for the functionality of the protein.  
 





Figure 23. RT-PCR analysis of PIN1:GFP and PIN1:GFP-F165A (F165A) lines. Total RNA from 
seedlings of PIN1:GFP and PIN1:GFP-F165A (lines 1-3) were used for the RT-PCR. In the PCRs, 
specific primers of PIN1:GFP (LPM pin and GFP3 primers) were used. Actin-7 (ACT7) (A3 and A5 
primers) was used as a control. PCR samples were collected at cycle 22 for ACT7 and at cycle 32 
for PIN1:GFP lines. 
 
1.2.2.2. PIN1:GFP-Y260A. 
 350 seeds of one selected F1 plant from the cross of pin1 and every 
homozygous line of PIN1:GFP-Y260A (Y260A 1 to 3) were sown in soil to 
perform a phenotypic analysis of the F2 plants. The results obtained are 
shown in Table 18. 
 









Y260A 1 20 --- 330 
Y260A 2 19 --- 331 
Y260A 3 33 --- 317 
 




All the lines of PIN1:GFP-Y260A analysed rescued the pin1 
phenotype (Tables 16 and 18), suggesting that the mutated amino acid 
residue (Y260) is not essential for the function of the protein. 
PCR analysis was performed to identify plants that expressed 
PIN1:GFP-Y260A  in pin1 background by using the RPIN and LPIN primers, as 
previously described (Figure 24). To identify the homozygous plants for 
PIN1:GFP-Y260A, the progeny of the plants that amplified only the 2085 pb 
fragment was scored for GFP fluorescence in roots (section 1.2.1.5. 
Materials and methods). The results obtained indicate that plants with 
genomic DNA containing PIN1:GFP-Y260A and homozygous for the T-DNA 
insertion in PIN1 did not show a pin1 phenotype (Figure 24), confirming the 
phenotype analysis shown above. 
These results indicated that the mutated amino acid residue (Y260) is 
not essential for the function of the protein. 
 
 
Figure 24. PCR analysis of 16 PIN1:GFP-Y260A-1 x pin1 F2 plants. Genomic DNA and RPIN and 
LPIN primers were used and 36 cycles were performed per reaction. These primers amplified a 
DNA fragment of 1125 bp (wild type genomic DNA) and a fragment of 2085 bp (PIN1:GFP 
genomic DNA). No fragment is amplified with pin1 genomic DNA. Col., wild type plant. P, pin1 
phenotype.  





 350 seeds of one selected F1 plant from the cross of pin1 and every 
homozygous line of PIN1:GFP-Y328A (Y328A 1 to 3) were sown in soil to 
perform a phenotypic analysis of the F2 plants. The results obtained are 
shown in Table 19. 
 









Y328A 1 27 --- 323 
Y328A 2 91 --- 259 
Y328A 3 18 53 279 
 
 
Out of the three lines of PIN1:GFP-Y328A analysed, one of them 
rescued the phenotype (line 1), one did not (line 2) and the other did it only 
partially (line 3) (Table 19). PCR analysis was performed to identify plants 
that expressed PIN1:GFP-Y328A in pin1 background by using the RPIN and 
LPIN primers, as described previously. To identify the homozygous plants for 
PIN1:GFP-Y328A, the progeny of the plants that amplified only the 2085 pb 
fragment was scored for GFP fluorescence in roots (section 1.2.1.5. 
Materials and methods). The results obtained indicated that plants with 
genomic DNA containing PIN1:GFP-Y328A and homozygous for the T-DNA 




insertion in PIN1 showed flowers with severe defects (line 3) or a pin1 
phenotype (line 2) or wild type phenotype (line 1) (Figure 25), confirming 
the phenotype analysis shown above. 
 
 
Figure 25. PCR analysis of 16 PIN1:GFP-Y328A-2 x pin1 F2 plants. Genomic DNA and RPIN and 
LPIN primers were used and 36 cycles were performed per reaction. These primers amplified a 
DNA fragment of 1125 bp (wild type genomic DNA) and a fragment of 2085 bp (PIN1:GFP 
genomic DNA). No fragment is amplified with pin1 genomic DNA. Col., wild type plant. P, pin1 
phenotype.   
 
Analysis of PIN1:GFP expression levels of the different lines of 
PIN1:GFP-Y328A (section 1.1.3. Results and discussion) were performed to 
know if they were related to the phenotypic defects found in the pin1 
background lines. After total RNA extraction (section 2.1.3. Materials and 
methods), RT-PCR was performed by using LPM pin and GFP3 primers for 
the PCR. As a control, the mRNA levels of Actin-7 (ACT7) as a housekeeping 
gene were analysed (sections 2.3.4. and 2.3.5. Materials and methods). 
When compared the PIN1:GFP expression levels in the PIN1:GFP line to the 
levels   in   the   Y328A  lines  (Figure   26),  the    results    obtained   suggest   that   the 




phenotypic defects found in the mutant lines (in particular line 2) could be 
due to low expression levels of  PIN1:GFP-Y328A.  
 
 
Figure 26. RT-PCR analysis of PIN1:GFP and PIN1:GFP-Y328A (Y328A) lines. Total RNA from 
seedlings of PIN1:GFP and PIN1:GFP-Y328A (lines 1-3) were used for the RT-PCR. In the PCRs, 
specific primers of PIN1:GFP (LPM pin and GFP3 primers) were used. Actin-7 (ACT7) (A3 and A5 
primers) was used as a control. PCR samples were collected at cycle 22 for ACT7 and at cycle 32 
for PIN1:GFP lines. 
 
1.2.2.4. PIN1:GFP-Y394A. 
 350 seeds of one selected F1 plant from the cross of pin1 and every 
homozygous line of PIN1:GFP-Y394A (Y394A 1 to 3) were sown in soil to 
perform a phenotypic analysis of the F2 plants.  The results obtained are 
shown in Table 20. 
Out of the three lines of PIN1:GFP-Y394A analysed, one of them 
rescued the phenotype (line 3), one did not (line 2) and the other one did it 
only partially (line 1) (Tables 16 and 20). 













Y394A 1 23 63 264  
Y394A 2 85 --- 265 
Y394A 3 24 --- 326 
 
 
PCR analysis was performed to identify plants that expressed 
PIN1:GFP-Y394A  in pin1 background by using the RPIN and LPIN primers, as 
previously described. To identify the homozygous plants for PIN1:GFP-
Y394A, the progeny of the plants that amplified only the 2085 pb fragment 
was scored for GFP fluorescence in roots (section 1.2.1.5. Materials and 
methods). The results obtained indicated that plants with genomic DNA 
containing PIN1:GFP-Y394A and homozygous for the T-DNA insertion in PIN1 
showed flowers with severe defects (line 1) or a pin1 phenotype (line 2) or 
wild type phenotype (line 3) (Figure 27), confirming the phenotype analysis 
shown above. 
Analysis of PIN1:GFP expression levels of the different lines of 
PIN1:GFP-Y394A (section 1.1.4. Results and discussion) were performed to 
know if they were related to the phenotypic defects found in the pin1 
background lines. After total RNA extraction (section 2.1.3. Materials and 
methods), RT-PCR was performed by using LPM pin and GFP3 primers for 
the PCR. As control, the mRNA levels of Actin-7 (ACT7) as a housekeeping 




gene were analysed (sections 2.3.4. and 2.3.5. Materials and methods). 
When compared the PIN1:GFP expression levels, the results obtained 
indicated that the lines that show higher levels of expression of PIN1:GFP-
Y394A (lines 1 and 3) can rescue the pin1 phenotype (Figure 28). 
 
 
Figure 27. PCR analysis of 16 PIN1:GFP-Y394A-1 x pin1 F2 plants. Genomic DNA and RPIN and 
LPIN primers were used and 36 cycles were performed per reaction. These primers amplified a 
DNA fragment of 1125 bp (wild type genomic DNA) and a fragment of 2085 bp (PIN1:GFP 
genomic DNA). No fragment is amplified with pin1 genomic DNA. Col., wild type plant. P, pin1 
phenotype. F, flowers with severe defects. 
 
 
Figure 28. RT-PCR analysis of PIN1:GFP and PIN1:GFP-Y394A (Y394A) lines. Total RNA from 
seedlings of PIN1:GFP and PIN1:GFP-Y394A (lines 1-3) were used for the RT-PCR. In the PCRs, 
specific primers of PIN1:GFP (LPM pin and GFP3 primers) were used. Actin-7 (ACT7) (A3 and A5 
primers) was used as a control. PCR samples were collected at cycle 22 for ACT7 and at cycle 32 
for PIN1:GFP lines. 




 All together these results suggest that the amino acid mutated 
(Y394) may affect the functionality of the protein, although high expression 
levels of the mutant protein could rescue the pin1 phenotype. 
 
1.2.2.5. PIN1:GFP-Y480A. 
 350 seeds of one selected F1 plant from the cross of pin1 and every 
homozygous line of PIN1:GFP-Y480A (Y480A 1 to 3) were sown in soil to 
perform a phenotypic analysis of the F2 plants.  The results obtained are 
shown in Table 21. 
 









Y480A 1 26 --- 324 
Y480A 2 78 --- 272 
Y480A 3 34 31 285 
 
 
Out of the three lines of PIN1:GFP-Y480A analysed, one of them 
rescued the phenotype (line 1), one did it partially (line 3) and one did not 
rescue (line 2) (Tables 16 and 21). PCR analysis was performed to identify 
plants that expressed PIN1:GFP-Y480A in pin1 background by using the RPIN 




and LPIN primers as previously described. To identify the homozygous plants 
for PIN1:GFP-Y480A, the progeny of the plants that amplified only the 2085 
pb fragment was scored for GFP fluorescence in roots (section 1.2.1.5. 
Materials and methods). The results obtained with lines 2 and 3 indicated 
that plants with genomic DNA containing PIN1:GFP-Y480A and homozygous 
for the T-DNA insertion in PIN1 showed a pin1 phenotype or flowers with 
severe defects (line 3) (Figure 29), confirming the phenotype analysis above.  
 
 
Figure 29. PCR analysis of 16 PIN1:GFP-Y480A-2 x pin1 F2 plants. Genomic DNA and RPIN and 
LPIN primers were used and 36 cycles were performed per reaction. These primers amplified a 
DNA fragment of 1125 bp (wild type genomic DNA) and a fragment of 2085 bp (PIN1:GFP 
genomic DNA). No fragment is amplified with pin1 genomic DNA. Col., wild type plant. P, pin1 
phenotype. 
 
Analysis of PIN1:GFP expression levels of the different lines of 
PIN1:GFP-Y480A (section 1.1.5. Results and discussion) were performed to 
know if they were related to the phenotypic defects found in the pin1 
background lines. After total RNA extraction (section 2.1.3. Materials and 
methods), RT-PCR was performed by using LPM pin and GFP3 primers for 
the PCR. As a control, the mRNA levels of Actin-7 (ACT7) as housekeeping 
gene were analysed (A3 and A5 primers) (sections 2.3.4. and 2.3.5. Materials 




and methods). When compared to PIN1:GFP expression levels, the results 
obtained indicated that the phenotypic defects found in the mutant lines 




Figure 30. RT-PCR analysis of PIN1:GFP and PIN1:GFP-Y480A (Y480A) lines. Total RNA from 
seedlings of PIN1:GFP and PIN1:GFP-Y480A (lines 1-3) were used for the RT-PCR. In the PCRs, 
specific primers of PIN1:GFP (LPM pin and GFP3 primers) were used. Actin-7 (ACT7) was used as 
a control. PCR samples were collected at cycle 22 for ACT7 and at cycle 32 for PIN1:GFP lines. 
  
 In this case, the observed phenotypic defects could be the result of 
overexpression of the mutant protein.  
  




CHAPTER II: SUBCELLULAR LOCALIZATION AND TRAFFICKING OF 
MUTANT VERSIONS OF PIN1:GFP  
  
2.1. Subcellular localization of PIN1:GFP and the different mutant 
versions of PIN1:GFP in A. thaliana roots. 
Roots of 4-days-old A. thaliana seedlings from the different lines of 
PIN1:GFP and mutant versions described above were grown in vitro (section 
1.2.1.2. Materials and methods) and analysed by confocal microscopy. 
 As shown in Figure 31, wild type PIN1:GFP localized mostly at the 
basal PM of stele cells, as described previously (Benková et al., 2003). This 
was also the case for three of the mutant versions of PIN1:GFP, in particular 
for the Y260A, Y328A and Y394A mutants, which could not be distinguished 
from the localization of wild type PIN1:GFP. Therefore residues Y260, Y328 
and Y394 seemed not to be essential for the subcellular localization (basal 
plasma membrane) of PIN1. These results agree with the results of the 
functional analysis that show that these mutant proteins were able to 
rescue the pin1 phenotype. Nevertheless, it cannot be ruled out that Y394 is 
important for protein function, as high levels of expression were needed to 
rescue the pin1 phenotype.  
 
 





Figure 31. Localization of PIN1:GFP and different mutant versions of PIN1:GFP  at stele cells of 
A. thaliana roots. CLSM of primary roots of 4-days-old seedlings expressing PIN1:GFP and 
different mutant versions of PIN1:GFP. PIN1:GFP-F165A-1 and  PIN1:GFP-Y480A-2 showed 
protein accumulations that do not appear in control roots. The same results were obtained in 
all lines of PIN1:GFP-F165A and in PIN1:GFP-Y480A (with less frecuency and not in all roots) a. 
The scale bar represents 10 m. 
 
 In contrast, PIN1:GFP-F165A was mainly observed in big 
intracellular punctae, similar to those which are formed after brefeldin A 
treatment (BFA bodies). However, they were found to be different from BFA 
compartments (see below). Interestingly, these structures were often 
localized in close proximity to the plasma membrane. Similar punctae were 
also found in PIN1:GFP-Y480A. However, they were present with a lower 
frequency (lower number of punctae per cell and lower percentage of cells 




containing intracellular punctae) and not in all the roots, depending on the 
line. In particular, we found more punctae in line 2 followed by line 3 (Figure 
31). These lines are the ones that showed higher expression of PIN1:GFP-
Y480A (Figure  30). This suggests that the presence of PIN1:GFP-Y480A in 
intracellular compartments may be dependent of  PIN1:GFP-Y480A protein 
levels and may explain why lines 2 and 3 (showing intracellular accumulation 
of PIN:GFP-Y480A) are not able to rescue pin 1 phenotype in contrast to line 
1.   
  
 
2.2. Kinetics of endocytosis and recycling of PIN1:GFP and the 
mutant versions: BFA treatment and washout. 
Since three of the mutants (PIN1:GFP-Y260A, Y328A and Y394A) 
seemed to show the same subcellular localization as wild type PIN1:GFP 
(basal plasma membrane in roots), it was tested if the kinetics of 
endocytosis and/or recycling could be altered as a consequence of the 
mutations. To this end, transgenic seedlings expressing those mutants were 
treated with brefeldin A, to monitor the appearance of these mutants in BFA 
compartments. Since BFA inhibits PIN1 recycling, appearance of PIN1:GFP 
mutants in BFA compartments can be used to monitor the kinetics of 
endocytosis. As shown in Figure 32A, all three mutants were able to form 
well defined BFA compartments (typically 2 BFA bodies/stele cell) within 1 




hour after application, very similar to what it was found for PIN1:GFP. 
Therefore, these mutants do not seem to have any defect in endocytosis. 
We next monitored the kinetics of recycling. To this end, we did a BFA 
washout after BFA treatment, and monitored the disappearance of BFA 
compartments and the reappearance of PIN1:GFP and mutant versions at 
the basal plasma membrane. As shown in Figure 32B, all three mutants 
relocated from BFA compartments to the basal PM within 90-120 min, very 
similar to what it was found for wt PIN1:GFP. Therefore, these mutants do 
not seem to have any obvious defect in recycling. Altogether, the data 
obtained in this work suggest that the Y260, Y328 and Y394 residues are not 
essential for PIN1 endocytosis and recycling. 
 
 





Figure 32. Localization of PIN1:GFP and different mutant versions of PIN1:GFP at root stele 
cells after BFA treatment (A) or BFA washout (B). Confocal laser scanning microscopy (CLSM) 
of primary roots of 4-days-old seedlings expressing PIN1:GFP and different mutant versions of 
PIN1:GFP. Roots were incubated with 100 M BFA for 60 min (A) and then BFA was washed and 
the roots were analyzed after 90 min (B). PIN1:GFP-F165A and PIN1:GFP-Y480A show protein 
accumulations that do not seem to be BFA compartments. The scale bars represent 10 m. 




We next investigated the kinetics of endocytosis and recycling in 
the two mutants that accumulated in intracellular punctae. To this end 
PIN1:GFP-F165A and PIN1:GFP-Y480A seedlings were treated with BFA, as 
described before. As described previously, the morphology of the 
intracellular punctae where these mutants accumulate was very similar to 
that of BFA compartments, which are the result of the aggregation between 
the Golgi apparatus and endosomal compartments (section 1.1.2. 
Introduction). If these structures were indeed BFA compartments, we would 
expect an accumulation of all mutant proteins within the same structures 
upon BFA treatment. As shown in Figure 32A, both mutants were able to 
form BFA compartments, with a rather normal kinetics, probably derived 
from the fraction of these mutants that still localized to the basal plasma 
membrane at steady-state. However, these BFA compartments seemed to 
be different from the intracellular punctae that contained most of the 
mutant proteins in the absence of BFA.  
To confirm that the intracellular structures present in PIN1:GFP-
F165A and PIN1:GFP-Y480A mutants were not BFA compartments, 4-days-
old roots were incubated with FM4-64 and 50 M BFA during 90 minutes 
(section 1.2.1.6. Materials and methods). Figure 33 shows that at least a 
fraction of PIN1:GFP-F165A was able to be included in BFA compartments, 
together with FM4-64, but these compartments were completely different 
from the dots that appeared already in untreated cells.  
 





Figure 33. Localization of PIN1:GFP and PIN1:GFP-F165A at root stele cells after 90 minutes of 
FM4-64 incubation and 50 M BFA treatment. CLSM of primary roots of 4-days-old seedlings 
expressing PIN1:GFP and PIN1:GFP-F165. The protein accumulated do not colocalize with BFA 
bodies. The scale bar represents 10 m.  
          
 Similar results were obtained with PIN1:GFP-Y480A (data not 
shown). However, as it was previously discussed, the accumulation of this 
mutant in intracellular punctae was less obvious and seemed to be 
dependent on its protein levels, Therefore, in the next part of this work we 
focused on characterizing the PIN1:GFP-F165A mutant.  
The fact that PIN1:GFP-F165A is able to form BFA compartments 
with a rather normal kinetics suggests that phenylalanine 165, despite its 




ability to interact with A(2)-adaptin, is not required for PIN1 endocytosis. 
It is thus possible that PIN1 endocytosis requires other residues in its 
cytosolic loop with the ability to bind the AP2 complex. On the other hand, 
phenylalanine 165 has also been shown to interact with D(3)-adaptin, but 
not with B(1)- or C(4)-adaptin (Soriano-Ortega, 2009). 
 
 
2.3. Identification of the compartments where PIN1:GFP-F165A 
localizes. 
 2.3.1. PIN1:GFP-F165A does not localize to compartments 
labelled by FM4-64 or LysoTracker® in vivo. 
Alternatively, these intracellular punctae could be organelles that 
do not group after BFA treatment but still correspond to endosomal 
compartments. To label all the compartments of the endocytic pathway, 
mutant seedlings were incubated for different time periods in the presence 
of the lipophilic dye FM4-64 and were analysed by confocal microscopy. 
Figure 34A shows that the compartments containing the mutant protein 
were not stained with 4 M FM4-64, even after 6 h internalization, 
indicating that PIN1:GFP-F165A did not localize to endosomal 
compartments. In addition, roots expressing the mutant protein were 
incubated with 2 M LysoTracker® for 1 hour, to label acidic compartments 




(including endosomes), but no colocalization was found, indicating that the 
organelles where PIN1:GFP-F165A accumulates are not acidic compartments 
(Figure 34B).  
 
 
Figure 34. PIN1:GFP-F165A does not colocalize with FM4-64 (A) or LysoTracker® (B). CLSM of 
primary roots of 4-days-old sedlings expressing PIN1:GFP-F165A (green) and stained with FM4-
64 (red) (A) or LysoTracker® (red) (B). See text for details. The scale bars represent 10 m. 




2.3.2. PIN1:GFP-F165A colocalizes with ER markers in 
immunolocalization assays. 
 To further investigate the identity of the compartments where 
PIN1:GFP-F165A localizes, indirect immunofluorescence staining was 
performed, as described previously (Sauer et al., 2006) (section 4.2. 
Materials and methods).  
 Marker proteins of different organelles were used, including Golgi, 
TGN, PVC or EXPO markers (Table 8, Materials and methods). The structures 
where PIN1:GFP-F165A was found did not colocalize with Golgi markers, 
including Sec21 (Figure 35A) or ARF1 (data not shown). No colocalization 
was observed with TGN markers, including Knolle (Figure 35A), SCAMP1, 
VTI12 or the VHA-a1 subunit of the vacuolar ATPase (data not shown), as 
expected, since the structures containing the F165A mutant were BFA-
insensitive. Consistent with the results with BFA and FM4-64, we also found 
no colocalization with markers of endosomal compartments, including ARA7 
and MIN7 (Figure 35A), PEP12 or SNX2a (data not shown). Recently, an 
alternative secretion route, the so-called unconventional secretion, has 
been described in plants, and is mediated by a novel compartment labelled 
by components of the exocyst complex, the Exocyst-Positive (EXPO) 
compartment (Wang et al., 2010)  (section 1.1.1.3. Introduction). Therefore, 
we also tested whether the compartments which contain the F165A mutant 
could correspond to EXPOs, using an antibody against one of the 
components of the exocyst complex (E2) (Wang et al., 2010).   




As shown in Figure 35A, no colocalization was observed between 
both proteins, indicating that PIN1:GFP-F165A does not localize to EXPOs. 
Finally, colocalization with ER markers was tested. As shown in Figure 35B, 
most of PIN1:GFP-F165A colocalized extensively with BiP ER chaperones, 
which in addition to their typical ER pattern also accumulated in the same 
big punctae (which are not observed in roots expressing wt PIN1:GFP). 
These data suggest that the mutant may accumulate at the ER or ER-derived 
structures. To rule out that these structures could correspond to ER export 
sites (ERES), we also performed a double immunolocalization using Sar1, an 
ERES marker. As shown in Figure 35C, no significant colocalization was 
obtained between PIN1:GFP-F165A and Sar1, suggesting that this mutant 
does not significantly accumulate at ERES. 
 









Figure 35. Immunolocalization of PIN1:GFP and PIN1:GFP-F165A with different organelle 
markers. Immunolocalization of PIN1:GFP and PIN1:GFP-F165A in primary roots of 4-days-old 
seedlings was done as described in section 4.2. Material and methods with the following 
organelle markers: Sec21 (Golgi), Knolle (TGN), ARA7 (PVC), MIN7 (Endosomes) E2 (EXPOs) (A), 
BiP (ER) (B) and Sar1 (ER, ERES) (C). Intracellular punctae containing PIN1:GFP-F165A 
colocalized with BiP, and the localization pattern of BiP changed in PIN1:GFP-F165A lines. This 
effect did not appear in PIN1:GFP roots. The scale bars represent 10 m. 
 
  




2.3.3. PIN1:GFP-F165A colocalizes with ER markers in vivo. 
 To confirm whether these compartments corresponded to ER 
membranes, Arabidopsis thaliana PIN1:GFP-F165A plants were transformed 
with constructs of two different ER markers: a soluble ER marker, mCherry-
HDEL (Nelson et al., 2007), which contains the HDEL signal which results in 
retention of soluble proteins within the ER in plant cells (Denecke et al., 
1992); and RFP-p245 (Marcote MJ, unpublished results), a membrane 
protein which has been previously shown to localize exclusively to the ER in 
Arabidopsis as a consequence of highly efficient COPI-dependent Golgi-to-
ER transport (Langhans et al., 2008; Montesinos et al., 2012). 
 F1 progeny was selected by observing the roots of 4-days-old 
seedlings at a fluorescence microscope (section 1.2.1.3. Materials and 
methods), and choosing those which showed both green and red 
fluorescence. These seedlings were then observed at the confocal 
microscope. As shown in Figure 36, RFP-p245 showed its typical ER pattern 
in most of the cells. In addition, in the cells containing the PIN1:GFP-F165A 
punctae, RFP-p245 also accumulated within the same punctae, as it 
occurred with the ER marker BiP (section above). mCherry-HDEL also 
colocalized with these structures, although less extensively.  
The fact that two ER marker proteins, other than the chaperone 
BiP, also accumulate at these structures may indicate that the colocalization 
of the F165A mutant with BiP is not simply a consequence of an improper 
folding of this mutant. Alternatively, the unability of the mutant to exit the 




ER may cause an accumulation of the protein at ER membrane structures 
where other ER membrane proteins (like RFP-p245) may also be trapped. 
The lower accumulation of mCherry-HDEL could simply reflect the fact that 
it is a soluble protein, although soluble ER proteins can also accumulate at 
certain ER-derived structures upon overexpression of ER membrane 
proteins (see below, section 2.5.). 
 
 
Figure 36. RFP-p245 and mCherry-HDEL, ER markers, colocalize with PIN1:GFP-F165A 
intracellular structures. CLSM of primary roots of 4-days-old seedlings expressing PIN1:GFP-








2.4. Trafficking of newly synthesized PIN1:GFP-F165A. 
To investigate whether the localization of PIN1:GFP-F165A could be 
a consequence of a delay in ER export or else the mutant reached these 
structures at a later stage, we performed FRAP experiments. To this end, an 
area of the stele cells containing these intracellular punctae was 
photobleached, and fluorescence recovery was analyzed by CLSM. These 
experiments showed that PIN1:GFP-F165A accumulated in these structures 
as early as 10 minutes after photobleaching (Figure 37). Actually, these are 
the first structures which became labelled, which would be consistent with a 
putative ER localization. As a control, we performed a parallel experiment 
with wild type PIN1:GFP, which did not show any localization at intracellular 
punctae during photobleaching, but instead was only seen at the plasma 
membrane after 0.5-1 h recovery. 





Figure 37. FRAP analysis in PIN1:GFP (A) and PIN1:GFP-F165A (B) roots. A. thaliana roots 
expressing PIN1:GFP or PIN1:GFP-F165A were imaged before and during recovery after 
bleaching an area containing stele cells. Images were taken at the indicated times after the 
bleach pulse (red square). The scale bar represents 10 m. 
 
To follow the fate of the mutant protein accumulated in these dots, 
protein synthesis was inhibited by treating the seedlings with 50 M 
cycloheximide (CHX). Figure 38 shows that CHX treatment caused a 
progressive decrease in the signal and number of intracellular punctae. 
Indeed, 1 hour after CHX addition there was a 40 % reduction in the number 
of punctae, while after 2 h treatment most of the fluorescence was seen at 
the PM and there was almost no fluorescence in intracellular punctae. 





Figure 38. PIN1:GFP-F165A intracellular punctae disappear after 2 hours of 50 M CHX 
treatment (B). CLSM of primary roots of 4-days-old seedlings expressing PIN1:GFP (A) and 
PIN1:GFP-F165A (B). The scale bars represent 10 m. 
 
To investigate if the loss of internal fluorescence could be a 
consequence of protein degradation or else due to its relocalization to the 
plasma membrane, we analyzed the levels of PIN1:GFP-F165A before and 
after CHX treatment in total protein extracts of A. thaliana roots by western 
blot analysis using GFP antibodies (sections 3.1. and 3.4. Materials and 
methods). Since the signal obtained with the GFP antibody in the Western 
blot of total protein extracts was relatively low, and the antibody also 
detected other proteins, in particular a band in close proximity to that of 
PIN1:GFP,   immunoprecipitation  (section  3.5.  Materials  and  methods)  prior 




to Western blot analysis was performed. As shown in Figure 39, the levels of 
PIN1:GFP-F165A were not significantly different from those of wild type 
PIN1:GFP, both in the absence of CHX or after 2 h CHX treatment. These 
data suggest that the mutant protein is not degraded during CHX treatment. 
 
 
Figure 39.  PIN1:GFP and PIN1:GFP-F165A (F165A) levels do not decrease after 2 hours of 50 
M CHX treatment. Western-blot analysis with rabbit antibodies against GFP (Life 
Technologies).  A 30 g aliquot of total protein extract of 5-days-old Arabidopsis roots was 
loaded in each extract lane. Immunoprecipitation was performed as described in section 3.5. of 
Materials and methods with anti-GFP mouse antibodies (GFP-MA1). IP, immunoprecipitation; 
Ctrl and CHX correspond to plants treated with DMSO and cycloheximide, respectively. Col-0, 








2.5. PIN1:GFP-F165A protein is mainly localized in multi-membrane 
organelles.  
To further investigate the nature of the structures where PIN1:GFP-
F165A accumulates, immunogold labelling was performed (Caiji Gao and 
Qiong Zhao, group of Liwen Jiang, University of Hong Kong) using antibodies 
against GFP, to label only PIN1:GFP-F165A molecules and not endogenous 
PIN1. As shown in Figure 40, PIN1:GFP-F165A localized to vesicular 
structures containing sometimes several layers of membranes, folded over 
each other, similar to previously described onion-like structures (Sørensen 
et al., 2004). These structures sometimes appeared to be ordered into 
concentric or spiral-like structures and were  often found close to the 
plasma membrane, in some cases fusing with it (Figure 40A), which would 
explain why the mutant protein disappears from intracellular punctae 
during CHX treatment to be delivered to the plasma membrane. A few gold 
particles could also be seen at the plasma membrane, in particular in 
regions in close proximity to the place where these structures were found to 
fuse with the plasma membrane. In addition, these structures were also 
labelled with calnexin antibodies (Figure 40B), suggesting that they are 
indeed derived from ER membranes. 
Under normal circumstances, integral membrane proteins entering 
the secretory pathway become anchored in the ER membrane. After co- and 
post-translational modifications, only properly folded and assembled 
proteins can exit the ER and are then transported anterogradely to later 




compartments of the secretory pathway. Misfolded proteins are retained in 
the ER and are subsequently degraded. In some cases, a different behavior 
has been observed. Proteins are trapped within the ER but appear to escape 
degradation and become concentrated in discrete subdomains of the ER 
(Gong et al., 1996). It has been reported that protein accumulation in 
discrete subdomains of the ER may favour adjacent ER membranes to 
become zippered together by low affinity protein interactions generating 
onion-like membrane structures (Gong et al., 1996; Snapp et al., 2003). The 
proliferation of ER-derived membrane structures, either in the cytosol or in 
the nucleus, has been previously observed upon overexpression of integral 
ER membrane proteins, such as HMG-CoA reductase, cytochrome P-450 and 
IP3 receptor, and different models have been proposed to explain their 
formation (Figure 41) (Chin et al., 1982; Schunck et al., 1991; Takei et al., 
1994; Koning et al., 1996). These membranous structures were also found to 
contain integral membrane proteins, like calnexin, an ER chaperone, but 
also luminal ER proteins like BiP or PDI (Isaac et al., 2001; Sørensen et al., 
2004). 
Since the levels of PIN1:GFP-F165A in the mutant lines was not 
significantly different from that of PIN1:GFP in the control plants (section 
1.2.2.1. Results and discussion), the appearance of these structures cannot 
be due to overexpression of the protein per se. However, a defect in the ER 
export of the mutant, probably due to its unability to interact with the 
clathrin machinery, may cause an accumulation of the protein at ER 
membrane domains, mimicking the effect of the overexpression of the 




protein. Since PIN1 may form dimers (Jiří Friml, personal communication), 
accumulation of PIN1:GFP-F165A molecules at ER membranes, and their 




Figure 40. Localization of PIN1:GFP-F165A by immunogold labelling in roots (stele cells) of 
seedlings expresssing PIN1:GFP-F165A. A. Labelling with GFP antibodies showed that 
PIN1:GFP-F165A accumulates in big structures, from 200 to 500 nm of diameter, that show 
multiple membranes and that are localized near the PM. B. Labelling with Calreticulin antibody, 
an ER marker localized at the ER lumen, also appears in some of these structures. Arrowheads 
point to gold particles. The scale bars represent 500 nm. 






Figure 41.  Models for the formation of onion-like structures derived from ER and found in 
the cytoplasm (A) or in the nucleus (B).  A. PIN1:GFP-F165A proteins accumulate in ER and as a 
consequence they can zipper together apposing membranes by tight interactions between their 
cytoplasmic domains (adapted from Snapp et al., 2003). Indeed, dimers of PIN1 have been 
detected (Jiří Friml, personal communication). B. Interactions between the cytoplasmic 
domains of PIN1:GFP-F165A accumulated in the ER can induce tight packing and adherence of 
ER membrane stacks and also interactions between the ER and the outer membrane of the 
nucleus (ONM). Interactions between ER and ONM and between opposing regions of the 
nuclear inner membrane (INM) can cause incorporation of the membrane stacks into the 
nucleus. Nu, nucleoplasm. NE, nuclear envelope (adapted from Sørensen et al., 2004). 
 
 
2.6. Characterization of the ER export of PIN1:GFP.  
 Altogether, our data suggest that the PIN1:GFP-F165A mutant, 
which has a lower capacity to interact with -adaptins and clathrin, 
accumulates in ER-related structures, which indicates that phenylalanine 
165 is important for the ER export of PIN1. This is consistent with the ER 
localization of PIN5 and PIN8, which do not contain this motif, and PIN6, 




which has the most divergent version of this motif. In contrast, despite its 
ability to interact with A-adaptin (putative component of the AP2 
complex), phenylalanine 165 does not seem to be required for endocytosis 
and recycling (section 2.2. Results and discussion). On the other hand, there 
is so far no evidence for the participation of clathrin-coated vesicles in ER 
export, which in the case of PIN1 could be mediated by one of the two -
adaptins (A- or D-adaptin) which we have shown interact with F165. To 
further investigate the molecular mechanism involved in the ER export of 
PIN1, PIN1:GFP was transiently expressed in tobacco protoplasts. This 
system has the advantage to allow an easy manipulation of the COPII- or 
clathrin-dependent pathways by co-expression of Sec12p or the clathrin 
Hub. Overexpression of Sec12p, the guanine nucleotide exchange factor for 
the GTPase Sar1 (section 1.1.1.1. Introduction), has been shown to titrate 
cytosolic Sar1 and to inhibit COPII-dependent ER export (Phillipson et al., 
2001). On the other hand, overexpression of the C-terminal part of the 
clathrin heavy chain (clathrin hub), that binds to and titers away the light 
chains, making them unavailable for clathrin cage formation, leads to strong 
dominant-negative effects on clathrin-mediated processes (Dhonukshe et 
al., 2007). We also expressed in parallel the PIN1:GFP-F165A mutant, to 
investigate its trafficking and localization in this system. 
 As shown in Figure 42, wild type PIN1:GFP mainly localized at the 
plasma membrane and endosomal compartments in tobacco protoplasts, as 
described previously (Dhonukshe et al., 2007).  





Figure 42. Localization of PIN1:GFP in protoplasts. Transient gene expression in tobacco 
mesophyll protoplasts. The scale bar represents 10 M. 
 
 In contrast, PIN1:GFP-F165A was hardly detectable at the plasma 
membrane, but it accumulated in intracellular punctae, very similar to those 
observed in stele cells (Figure 43). In some cases, these structures appeared 
to emerge from the nuclear envelope, consistent with an ER origin, but they 
were often found adjacent to the plasma membrane, as we had observed in 
stele cells. When PIN1:GFP-F165A was co-expressed with an ER marker, RFP-
p245, it was observed that both proteins extensively colocalized in these 
intracellular punctae, as it was observed upon transformation of PIN1:GFP-
F165A plants with this marker (see above, Figure 36). Consistent with those 
results, it was also found that RFP-p245, which shows a typical ER pattern 
when expressed alone (Langhans et al., 2008; Montesinos et al., 2012), 
relocalizes partially to these intracellular punctae, which suggests an 
alteration of the ER morphology and an accumulation of ER markers in these 
structures (Figure 43). 





Figure 43. PIN1:GFP-F165A localizes in intracellular punctae that colocalize with the ER 
marker RFP-p245. Transient gene expression in tobacco mesophyll protoplasts. A. PIN1:GFP-
F165A cannot be found at the PM, appearing in intracellular punctae, as it was seen in stele 
cells of A. thaliana roots expressing this protein. B. These structures colocalize with the ER 
marker RFP-p245, consistent also with previous results obtained in A. thaliana seedlings 
(section 2.3.3. Results and discussion), suggesting that these punctae could derived from the 
ER. The scale bar represents 10 M. 
 
To inhibit clathrin-coated vesicle formation, wild type PIN1:GFP was 
co-expressed with the clathrin hub-RFP. In contrast with the localization of 
PIN1:GFP at the plasma membrane and endosomal compartments, clathrin 




hub overexpression induced a partial accumulation of wild type PIN1:GFP in 
intracellular structures, in some cases with an ER-like pattern but very often 
as punctae similar to those found in the PIN1:GFP-F165A mutant (Figure 
44A). These data suggest that clathrin may be required for the ER export of 
PIN1:GFP. In some cases, PIN1:GFP also accumulated in intranuclear 
punctae, similar to those previously described (see above, section 2.5.). 
To rule out that clathrin hub overexpression could cause a general 
defect in trafficking, the behaviour of a standard Golgi marker, Man1-GFP, 
which is believed to exit the ER in a COPII-dependent manner, was also 
analyzed. As shown in Figure 44B, clathrin hub overexpression did not cause 
any obvious change in the localization of Man1-GFP, which mainly localized 
to punctate Golgi structures, although a few protoplasts showed a partial ER 
localization.  
  





Figure 44. PIN1:GFP secretion from the ER could be clathrin-dependent. Transient gene 
expression in tobacco mesophyll protoplasts. Localization of PIN1:GFP (A) and Man1-GFP (B) 
upon Hub1:RFP overexpression. Man1-GFP maintains its Golgi localization when Hub1:RFP is 
overexpressed in tobacco mesophyll protoplasts while PIN1:GFP partially accumulates inside 
the cell and cannot reach the PM due to the inhibition of the clathrin cage formation, appearing 
punctae similar to those formed when PIN1:GFP-F165A is expressed (Figure 43) and also 
intranuclear punctae (section 2.5.). The scale bar represents 10 m. 
 




It was next analysed the effect of Sec12p overexpression, a 
condition that inhibits COPII-dependent ER export in a dose-dependent 
manner. The minimal expression of Sec12p which caused most of Man1-GFP 
to localize to the ER (with only a few protoplasts still showing Golgi 
localization) was chosen. The effect of Sec12p on Man1-GFP localization 
confirmed that indeed ER export of this protein is COPII-dependent. The 
same effect was observed for the PVC marker GFP-BP80, which also 
accumulates at the ER upon Sec12p overexpression, suggesting that COPII-
dependent transport was inhibited under these conditions. In contrast, 
when PIN1:GFP was co-expressed with Sec12p under the same conditions, it 
was found that PIN1:GFP was only partially affected, with most of the 
protoplasts showing PIN1:GFP localization at the PM (Figure 45). 
To confirm that PIN1:GFP was actually localized to the PM under 
these conditions, protoplasts expressing both PIN1:GFP and Sec12 were 
treated with FM4-64 to label the PM. Figure 45 shows that most PIN1:GFP 
colocalized with FM4-64 at the PM. 
Although further work is still required to fully demonstrate a role 
for clathrin-coated vesicles in the ER export of PIN1, our data are consistent 
with this hypothesis. It is not at all clear whether this putative pathway for 
ER exit may coexist with the COPII-dependent pathway, or if it may be an 
alternative route activated under certain circumstances. In addition, we still 
do not know whether this putative clathrin-dependent pathway is specific 
for PIN1 (or other PINs) or else may be used for other substrates.   





Figure 45. Localization of Man1-GFP and GFP-BP80 (A) and PIN1:GFP (B) upon Sec12p 
overexpression. Transient gene expression in tobacco mesophyll protoplasts. Both Man1-GFP 
and GFP-BP80 accumulated at the ER upon inhibition of COPII function by Sec12p 
overexpression (A). In contrast, PIN1:GFP mainly localized to the PM (where it colocalized with 
FM4-64) under the same conditions (B). The scale bar represents 10 M. 
 
 



















 1. Arabidopsis thaliana transgenic lines expressing PIN1:GFP and 
different mutant versions of this protein in residues which may be part of 
putative sorting signals, in wild type and pin1 background, were obtained 
when possible. The results of the functional analysis of PIN1:GFP-Y260A and 
PIN1:GFP-Y328A showed that they were able to rescue the pin1 phenotype, 
as PIN1:GFP. In contrast, high levels of expression of PIN1:GFP-Y394 were 
needed to rescue the pin1 phenotype. PIN1:GFP-F165A was not able to fully 
rescue the pin1 phenotype in any of the lines checked, as it happened with 
PIN1:GFP-Y480A when it was expressed at high levels. These results suggest 
that residues F165, Y394 and Y480, which are part of putative sorting signals 
in the cytoplasmic loop of PIN1, may be important for PIN1 function. 
 2. The subcellular localization of PIN1:GFP-Y260A, Y328A and Y394A  
was nearly identical to that of wild type PIN1:GFP in stele cells of A. thaliana 
roots. In addition, these mutants did not display any obvious defect in 
endocytosis or recycling, as monitored by BFA treatment and washout. This 
suggests that residues Y260, Y328 and Y394 are not essential for the 
subcellular localization of PIN1 at the basal PM. In contrast, PIN1:GFP-F165A 
and PIN1:GFP-Y480A were mainly observed in big intracellular punctae, 
similar to those which are formed after BFA treatment, although they were 
found to be different from BFA compartments. 
3. Immunolocalization studies showed that PIN1:GFP-F165A did not 
localize to the Golgi apparatus or to endosomal compartments, but 





found to contain ER markers, such as BiP, RFP-p245 or mCherry-HDEL, and 
FRAP experiments showed that these are the first structures that become 
labelled after photobleaching, suggesting that they are ER-derived 
structures. Upon inhibition of protein synthesis, intracellular structures 
containing PIN1:GFP-F165A progressively disappeared, until the mutant was 
only found at the plasma membrane. This effect did not appear to correlate 
with protein degradation, suggesting that PIN1:GFP-F165A was able to reach 
the PM, although with a slower kinetics.  
 4. Immunogold labelling showed that PIN1:GFP-F165A localizes to 
vesicular structures with double or multiple membranes (similar to 
previously described onion-like structures), often localized near the PM, 
possibly formed as a consequence of the accumulation of PIN1:GFP-F165A 
at ER membranes, which could be consistent with a defect in ER export of 
this mutant. 
 5. Transient expression experiments were performed to further 
investigate trafficking of PIN1:GFP. In those experiments, overexpression of 
Hub1:RFP (clathrin hub), which interferes with clathrin-coated vesicle 
formation, caused a partial accumulation of PIN1:GFP in intracellular 
structures similar to those observed in PIN1:GFP-F165A, without a 
significant effect on the localization of standard Golgi or PVC markers. In 
contrast, overexpression of Sec12p, to interfere with COPII function, caused 





change in PIN1:GFP localization. These data suggest that clathrin may be 




















1. Ahmed S.U., Rojo E., Kovaleva V., Venkataraman S., Dombrowski J.E., 
Matsuoka K., and Raikhel N.V. (2000). The plant vacuolar sorting receptor 
AtELP is involved in transport of NH2-terminal propeptide-containing 
vacuolar proteins in Arabidopsis thaliana. J. Cell Biol. 149, 1335-1344.  
2. Aniento F., Helms J.B., and Memon A.R. (2003). How to make a vesicle: 
coat protein–membrane interactions. Annu. Plant. Rev. 9, 36-62.  
3. Aniento F. and Robinson D. (2005). Testing for endocytosis in plants. 
Protoplasma. 226, 3-11.  
4. Bajguz A. and Piotrowska A. (2009). Conjugates of auxin and cytokinin. 
Phytochemistry. 70, 957-969.  
5. Bak S., Tax F.E., Feldmann K.A., Galbraith D.W., and Feyereisen R. 
(2001). CYP83B1, a cytochrome P450 at the metabolic branch point in auxin 
and indole glucosinolate biosynthesis in Arabidopsis. The Plant Cell. 13, 101-
111.  
6. Banbury D.N., Oakley J.D., Sessions R.B., and Banting G. (2003). 
Tyrphostin A23 inhibits internalization of the transferrin receptor by 
perturbing the interaction between tyrosine motifs and the medium chain 
subunit of the AP-2 adaptor complex. J. Biol. Chem. 278, 12022-12028.  
7. Bar M. and Avni A. (2009). EHD2 inhibits ligand‐induced endocytosis and 
signaling of the leucine‐rich repeat receptor‐like protein LeEix2. The Plant 
Journal. 59, 600-611.  
8. Barbez E., Kubeš M., Rolčík J., Béziat C., Pěnčík A., Wang B., Rosquete 
M.R., Zhu J., Dobrev P.I., Lee Y., Zažímalová E., Petrášek J., Geisler M., 
Friml J. and Kleine-Vehn J. (2012). A novel putative auxin carrier family 
regulates intracellular auxin homeostasis in plants. Nature. 485, 119-122.  
9. Barbez E. and Kleine-Vehn J. (2013). Divide et Impera-cellular auxin 





10. Barceló A., Pedreno M., Ferrer M., Sabater F., and Munoz R. (1990). 
Indole-3-methanol is the main product of the oxidation of indole-3-acetic 
acid catalyzed by two cytosolic basic isoperoxidases from Lupinus. Planta. 
181, 448-450.  
11. Barlier I., Kowalczyk M., Marchant A., Ljung K., Bhalerao R., Bennett 
M., Sandberg G., and Bellini C. (2000). The SUR2 gene of Arabidopsis 
thaliana encodes the cytochrome P450 CYP83B1, a modulator of auxin 
homeostasis. PNAS. 97, 14819-14824.  
12. Barth M. and Holstein S.E. (2004). Identification and functional 
characterization of Arabidopsis AP180, a binding partner of plant αC-
adaptin. J. Cell. Sci. 117, 2051-2062.  
13. Bashline L., Li S., Anderson C.T., Lei L., and Gu Y. (2013). The 
endocytosis of cellulose synthase in Arabidopsis is dependent on μ2, a 
clathrin-mediated endocytosis adaptin. Plant Physiol. 163, 150-160.  
14. Bender R.L., Fekete M.L., Klinkenberg P.M., Hampton M., Bauer B., 
Malecha M., Lindgren K., A Maki J., Perera M., Nikolau B.J. and Carter C.J. 
(2013). PIN6 is required for nectary auxin response and short stamen 
development. The Plant Journal. 74-6, 893-904. 
15. Benjamins R., Quint A., Weijers D., Hooykaas P., and Offringa R. (2001). 
The PINOID protein kinase regulates organ development in Arabidopsis by 
enhancing polar auxin transport. Development. 128, 4057-4067.  
16. Benková E., Michniewicz M., Sauer M., Teichmann T., Seifertová D., 
Jürgens G., and Friml J. (2003). Local, efflux-dependent auxin gradients as a 
common module for plant organ formation. Cell. 115, 591-602.  
17. Bennett M.J., Marchant A., Green H.G., May S.T., Ward S.P., Millner 
P.A., Walker A.R., Schulz B., and Feldmann K.A. (1996). Arabidopsis AUX1 





18. Blakeslee J.J., Bandyopadhyay A., Lee O.R., Mravec J., Titapiwatanakun 
B., Sauer M., Makam S.N., Cheng Y., Bouchard R., Adamec J., Geisler M., 
Nagashima A., Sakai T., Martinoia E., Friml J., Peer W.A. and Murphy A.S. 
(2007). Interactions among PIN-FORMED and P-glycoprotein auxin 
transporters in Arabidopsis. The Plant Cell. 19, 131-147.  
19. Boehm M. and Bonifacino J.S. (2001). Adaptins: The Final Recount. Mol. 
Biol. Cell. 12, 2907-2920.  
20. Bonifacino J.S. and Traub L.M. (2003). Signals for sorting of 
transmembrane proteins to endosomes and lysosomes. Annu. Rev. 
Biochem. 72, 395-447.  
21. Boutté Y., Frescatada-Rosa M., Men S., Chow C., Ebine K., Gustavsson 
A., Johansson L., Ueda T., Moore I., Jürgens G. and Grebe M. (2009). 
Endocytosis restricts Arabidopsis KNOLLE syntaxin to the cell division plane 
during late cytokinesis. EMBO J. 29, 546-558.  
22. Bradford M. (1976). A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye 
binding. Analitical Biochemistry. 72, 248-254.  
23. Bubeck J., Scheuring D., Hummel E., Langhans M., Viotti C., Foresti O., 
Denecke J., Banfield D.K., and Robinson D.G. (2008). The syntaxins SYP31 
and SYP81 control ER–Golgi trafficking in the plant secretory pathway. 
Traffic. 9, 1629-1652.  
24. Burnette W.N. (1981). Western blotting: Electrophoretic transfer of 
proteins from sodium dodecly sulfate-polyacrylamide gels to unmodified 
nitrocellulose and radiographic detection with antibody and radioiodinated 
protein a. Anal. Biochem. 112, 195-203.  
25. Chapman E.J. and Estelle M. (2009). Mechanism of auxin-regulated gene 





26. Chen X., Irani N.G., and Friml J. (2011). Clathrin-mediated endocytosis: 
the gateway into plant cells. Curr. Opin. Plant Biol. 14, 674-682.  
27. Chin D.J., Luskey K.L., Anderson R., Faust J.R., Goldstein J.L., and Brown 
M.S. (1982). Appearance of crystalloid endoplasmic reticulum in compactin-
resistant Chinese hamster cells with a 500-fold increase in 3-hydroxy-3-
methylglutaryl-coenzyme A reductase. PNAS. 79, 1185-1189.  
28. Cho M., Lee S.H., and Cho H. (2007). P-Glycoprotein4 displays auxin 
efflux transporter–like action in Arabidopsis root hair cells and tobacco cells. 
The Plant Cell. 19, 3930-3943.  
29. Clough S.J. and Bent A.F. (1998). Floral dip: a simplified method for 
Agrobacterium‐mediated transformation of Arabidopsis thaliana. The plant 
journal. 16, 735-743.  
30. Cooper G.M. and Hausman R.E. (2000). The cell. ASM press Washington.  
31. Craddock C.P., Hunter P.R., Szakacs E., Hinz G., Robinson D.G., and 
Frigerio L. (2008). Lack of a vacuolar sorting receptor leads to non-specific 
missorting of soluble vacuolar proteins in Arabidopsis seeds. Traffic 9, 408-
416.  
32. da Silva Conceição A., Marty-Mazars D., Bassham D.C., Sanderfoot A.A., 
Marty F., and Raikhel N.V. (1997). The syntaxin homolog AtPEP12p resides 
on a late post-Golgi compartment in plants. The Plant Cell. 9, 571-582.  
33. Dal Bosco C., Dovzhenko A., Liu X., Woerner N., Rensch T., Eismann M., 
Eimer S., Hegermann J., Paponov I.A., and Ruperti B., Heberle-Bors, E.; 
Touraev, A., Cohen J.D. and Palme K. (2012). The endoplasmic reticulum 
localized PIN8 is a pollen‐specific auxin carrier involved in intracellular auxin 
homeostasis. The Plant Journal. 71-5, 860-870.  
34. daSilva L., Taylor J.P., Hadlington J.L., Hanton S.L., Snowden C.J., Fox 





the prevacuolar compartment is essential for efficient vacuolar protein 
targeting. The Plant Cell. 17, 132-148.  
35. daSilva L., Foresti O., and Denecke J. (2006). Targeting of the plant 
vacuolar sorting receptor BP80 is dependent on multiple sorting signals in 
the cytosolic tail. The Plant Cell. 18, 1477-1497. 
36. Davies P.J. (2010). The plant hormones: their nature, occurrence, and 
functions. Springer. 1-15.  
37. Denecke J., De Rycke R., and Botterman J. (1992). Plant and mammalian 
sorting signals for protein retention in the endoplasmic reticulum contain a 
conserved epitope. EMBO J. 11, 2345.  
38. Dettmer J., Hong-Hermesdorf A., Stierhof Y., and Schumacher K. 
(2006). Vacuolar H -ATPase activity is required for endocytic and secretory 
trafficking in Arabidopsis. The Plant Cell. 18, 715-730.  
39. Dettmer J. and Friml J. (2011). Cell polarity in plants: when two do the 
same, it is not the same.... Curr. Opin. Cell Biol. 23, 686-696.  
40. Dhonukshe P., Aniento F., Hwang I., Robinson D.G., Mravec J., Stierhof 
Y., and Friml J. (2007). Clathrin-mediated constitutive endocytosis of PIN 
auxin efflux carriers in Arabidopsis. Current Biology. 17, 520-527.  
41. Dhonukshe P., Tanaka H., Goh T., Ebine K., Mähönen A.P., Prasad K., 
Blilou I., Geldner N., Xu J., Uemura T., Chory J., Ueda T., Nakano A., 
Scheres B. and Friml J. (2008). Generation of cell polarity in plants links 
endocytosis, auxin distribution and cell fate decisions. Nature. 456, 962-966.  
42. Dhonukshe P., Huang F., Galvan-Ampudia C.S., Mähönen A.P., Kleine-
Vehn J., Xu J., Quint A., Prasad K., Friml J., and Scheres B. (2010). Plasma 
membrane-bound AGC3 kinases phosphorylate PIN auxin carriers at TPRXS 
(N/S) motifs to direct apical PIN recycling. Development. 137, 3245-3255.  
43. Di Rubbo S., Irani N.G., Kim S.Y., Xu Z., Gadeyne A., Dejonghe W., 





Friml J., De Jaeger G., Van Damme D., Hwang, I and Russinova E. (2013). 
The clathrin adaptor complex AP-2 mediates endocytosis of 
BRASSINOSTEROID INSENSITIVE1 in Arabidopsis. The Plant Cell. 
44. Ding Y., Wang J., Wang J., Stierhof Y., Robinson D.G., and Jiang L. 
(2012). Unconventional protein secretion. Trends Plant Sci. 17-10, 606-615. 
45. Ding Z., Wang B., Moreno I., Dupláková N., Simon S., Carraro N., 
Reemmer J., Pěnčík A., Chen X., Tejos R., Skůpa P., Pollman S., Mravec J., 
Petrášek J., Zažímalová E., Honys D., Rolčík J., Murphy A., Orellana A., 
Geisler M. and Friml J. (2012). ER-localized auxin transporter PIN8 regulates 
auxin homeostasis and male gametophyte development in Arabidopsis. 
Nature. 3, 941.  
46. Drakakaki G. and Dandekar A. (2013). Protein secretion: How many 
secretory routes does a plant cell have?. Plant Science. 203, 74-78.  
47. Drdová E.J., Synek L., Pečenková T., Hála M., Kulich I., Fowler J.E., 
Murphy A.S., and Žárský V. (2013). The exocyst complex contributes to PIN 
auxin efflux carrier recycling and polar auxin transport in Arabidopsis. The 
Plant Journal. 73, 709-719.  
48. D'Souza-Schorey C. and Chavrier P. (2006). ARF proteins: roles in 
membrane traffic and beyond. Nature reviews Molecular cell biology. 7, 
347-358.  
49. Edwards K., Johnstone C., and Thompson C. (1991). A simple and rapid 
method for the preparation of plant genomic DNA for PCR analysis. Nucleic 
Acids Res. 19, 1349.  
50. Effendi Y., Rietz S., Fischer U., and Scherer G.F. (2011). The 
heterozygous abp1/ABP1 insertional mutant has defects in functions 
requiring polar auxin transport and in regulation of early auxin‐regulated 





51. Ehlert B., Schöttler M.A., Tischendorf G., Ludwig-Müller J., and Bock R. 
(2008). The paramutated SULFUREA locus of tomato is involved in auxin 
biosynthesis. J. Exp. Bot. 59, 3635-3647.  
52. Fan L., Hao H., Xue Y., Zhang L., Song K., Ding Z., Botella M.A., Wang H., 
and Lin J. (2013). Dynamic analysis of Arabidopsis AP2 σ subunit reveals a 
key role in clathrin-mediated endocytosis and plant development. 
Development. 140, 3826-3837.  
53. Feraru E. and Friml J. (2008). PIN polar targeting. Plant Physiol. 147, 
1553-1559.  
54. Feraru E., Paciorek T., Feraru M.I., Zwiewka M., De Groodt R., De Rycke 
R., Kleine-Vehn J., and Friml J. (2010). The AP-3 β adaptin mediates the 
biogenesis and function of lytic vacuoles in Arabidopsis. The Plant Cell. 22, 
2812-2824.  
55. Feraru E., Feraru M.I., Kleine-Vehn J., Martinière A., Mouille G., 
Vanneste S., Vernhettes S., Runions J., and Friml J. (2011). PIN Polarity 
Maintenance by the Cell Wall in Arabidopsis. Current Biology. 21, 338-343.  
56. Finet C. and Jaillais Y. (2012). AUXOLOGY: when auxin meets plant evo-
devo. Dev. Biol. 369-1, 19-31. 
57. Foresti O., Luis L., and Denecke J. (2006). Overexpression of the 
Arabidopsis syntaxin PEP12/SYP21 inhibits transport from the prevacuolar 
compartment to the lytic vacuole in vivo. The Plant Cell. 18, 2275-2293.  
58. Fotin A., Cheng Y., Sliz P., Grigorieff N., Harrison S.C., Kirchhausen T., 
and Walz T. (2004). Molecular model for a complete clathrin lattice from 
electron cryomicroscopy. Nature. 432, 573-579.  
59. Friml J. and Palme K. (2002). Polar auxin transport–old questions and 





60. Friml J., Vieten A., Sauer M., Weijers D., Schwarz H., Hamann T., 
Offringa R., and Jürgens G. (2003). Efflux-dependent auxin gradients 
establish the apical–basal axis of Arabidopsis. Nature. 426, 147-153. 
61. Friml J., Yang X., Michniewicz M., Weijers D., Quint A., Tietz O., 
Benjamins R., Ouwerkerk P.B., Ljung K., and Sandberg G, Hooykaas P.J.J., 
Palme K. and Offringa R. (2004). A PINOID-dependent binary switch in 
apical-basal PIN polar targeting directs auxin efflux. Science, 306, 862. 
62. Friml J. (2010). Subcellular trafficking of PIN auxin efflux carriers in auxin 
transport. Eur. J. Cell Biol. 89, 231-235.  
63. Fuji K., Shimada T., Takahashi H., Tamura K., Koumoto Y., Utsumi S., 
Nishizawa K., Maruyama N., and Hara-Nishimura I. (2007). Arabidopsis 
vacuolar sorting mutants (green fluorescent seed) can be identified 
efficiently by secretion of vacuole-targeted green fluorescent protein in 
their seeds. The Plant Cell. 19, 597-609.  
64. Furutani M., Vernoux T., Traas J., Kato T., Tasaka M., and Aida M. 
(2004). PIN-FORMED1 and PINOID regulate boundary formation and 
cotyledon development in Arabidopsis embryogenesis. Development. 131, 
5021-5030.  
65. Gälweiler L., Guan C., Müller A., Wisman E., Mendgen K., Yephremov 
A., and Palme K. (1998). Regulation of polar auxin transport by AtPIN1 in 
Arabidopsis vascular tissue. Science. 282, 2226-2230.  
66. Gao C., Christine K., Qu S., San M.W.Y., Li K.Y., Lo S.W., and Jiang L. 
(2012). The Golgi-localized Arabidopsis Endomembrane Protein12 contains 
both endoplasmic reticulum export and Golgi retention signals at its C 
Terminus. The Plant Cell. 24, 2086-2104.  
67. Geisler M., Blakeslee J.J., Bouchard R., Lee O.R., Vincenzetti V., 
Bandyopadhyay A., Titapiwatanakun B., Peer W.A., Bailly A., Richards E.L., 
Ejendal K.F.K., Smith A.P., Baroux C., Grossniklaus U., Müller A., Hrycyna 





auxin catalyzed by the Arabidopsis MDR/PGP transporter AtPGP1. The Plant 
Journal. 44, 179-194.  
68. Geldner N., Anders N., Wolters H., Keicher J., Kornberger W., Muller P., 
Delbarre A., Ueda T., Nakano A., and Jurgens G. (2003). The Arabidopsis 
GNOM ARF-GEF mediates endosomal recycling, auxin transport, and auxin-
dependent plant growth. Cell. 112, 219-230.  
69. Gong F., Giddings T.H., Meehl J.B., Staehelin L.A., and Galbraith D.W. 
(1996). Z-membranes: artificial organelles for overexpressing recombinant 
integral membrane proteins. PNAS. 93, 2219-2223.  
70. Grunewald W. and Friml J. (2010). The march of the PINs: 
developmental plasticity by dynamic polar targeting in plant cells. EMBO J. 
29, 2700-2714.  
71. Haas T.J., Sliwinski M.K., Martínez D.E., Preuss M., Ebine K., Ueda T., 
Nielsen E., Odorizzi G., and Otegui M.S. (2007). The Arabidopsis AAA 
ATPase SKD1 is involved in multivesicular endosome function and interacts 
with its positive regulator LYST-INTERACTING PROTEIN5. The Plant Cell. 19, 
1295-1312.  
72. Hanahan D. (1983). Studies on transformation of Escherichia coli with 
plasmids. J. Mol. Biol. 166, 557-580.  
73. Happel N., Höning S., Neuhaus J., Paris N., Robinson D.G., and Holstein 
S.E. (2004). Arabidopsis µA‐adaptin interacts with the tyrosine motif of the 
vacuolar sorting receptor VSR‐PS1. The Plant Journal. 37, 678-693.  
74. Hertel R., Thomson K., and Russo V. (1972). In vitro auxin binding to 
particulate cell fractions from corn coleoptiles. Planta. 107, 325-340.  
75. Hirst J., Barlow L.D., Francisco G.C., Sahlender D.A., Seaman M.N., 






76. Höning S., Sosa M., Hille-Rehfeld A., and von Figura K. (1997). The 46-
kDa mannose 6-phosphate receptor contains multiple binding sites for 
clathrin adaptors. J. Biol. Chem. 272, 19884-19890.  
77. Huang F., Zago M.K., Abas L., van Marion A., Galván-Ampudia C.S., and 
Offringa R. (2010). Phosphorylation of conserved PIN motifs directs 
Arabidopsis PIN1 polarity and auxin transport. The Plant Cell. 22, 1129-1142.  
78. Hull A.K., Vij R., and Celenza J.L. (2000). Arabidopsis cytochrome P450s 
that catalyze the first step of tryptophan-dependent indole-3-acetic acid 
biosynthesis. PNAS. 97, 2379-2384.  
79. Hwang I. and Robinson D.G. (2009). Transport vesicle formation in plant 
cells. Curr. Opin. Plant Biol. 12, 660-669.  
80. Isaac C., Pollard J.W., and Meier U.T. (2001). Intranuclear endoplasmic 
reticulum induced by Nopp140 mimics the nucleolar channel system of 
human endometrium. J. Cell. Sci. 114, 4253-4264.  
81. Ito E., Fujimoto M., Ebine K., Uemura T., Ueda T., and Nakano A. 
(2012). Dynamic behavior of clathrin in Arabidopsis thaliana unveiled by live 
imaging. The Plant Journal. 69, 204-216.  
82. Jackson C.L. and Casanova J.E. (2000). Turning on ARF: the Sec7 family 
of guanine-nucleotide-exchange factors. Trends Cell Biol. 10, 60-67.  
83. Jaillais Y., Fobis-Loisy I., Miège C., Rollin C., and Gaude T. (2006). 
AtSNX1 defines an endosome for auxin-carrier trafficking in Arabidopsis. 
Nature. 443, 106-109.  
84. Jürgens G. (2004). Membrane trafficking in plants. Annu. Rev. Cell Dev. 
Biol. 20, 481-504.  
85. Kerk N.M., Jiang K., and Feldman L.J. (2000). Auxin metabolism in the 





86. Keuskamp D.H., Pollmann S., Voesenek L.A., Peeters A.J., and Pierik R. 
(2010). Auxin transport through PIN-FORMED 3 (PIN3) controls shade 
avoidance and fitness during competition. PNAS. 107, 22740-22744.  
87. Kim S.Y., Xu Z., Song K., Kim D.H., Kang H., Reichardt I., Sohn E.J., Friml 
J., Jürgens G., and Hwang I. (2013). Adaptor protein complex 2–mediated 
endocytosis is crucial for male reproductive organ development in 
Arabidopsis. The Plant Cell.  
88. Kirchhausen T. (1999). Adaptors for clathrin-mediated traffic. Annu. Rev. 
Cell Dev. Biol. 15, 705-732.  
89. Kirchhausen T. (2002). Clathrin adaptors really adapt. Cell. 109, 413-416.  
90. Kitakura S., Vanneste S., Robert S., Löfke C., Teichmann T., Tanaka H., 
and Friml J. (2011). Clathrin mediates endocytosis and polar distribution of 
PIN auxin transporters in Arabidopsis. The Plant Cell. 23, 1920-1931.  
91. Klann M., Koeppl H., and Reuss M. (2012). Spatial modeling of vesicle 
transport and the cytoskeleton: The challenge of hitting the right road. PLoS 
one. 7, e29645.  
92. Kleine-Vehn J., Dhonukshe P., Swarup R., Bennett M., and Friml J. 
(2006). Subcellular trafficking of the Arabidopsis auxin influx carrier AUX1 
uses a novel pathway distinct from PIN1. The Plant Cell. 18, 3171-3181.  
93. Kleine-Vehn J., Leitner J., Zwiewka M., Sauer M., Abas L., Luschnig C., 
and Friml J. (2008). Differential degradation of PIN2 auxin efflux carrier by 
retromer-dependent vacuolar targeting. PNAS. 105, 17812-17817.  
94. Kleine-Vehn J., Huang F., Naramoto S., Zhang J., Michniewicz M., 
Offringa R., and Friml J. (2009). PIN auxin efflux carrier polarity is regulated 
by PINOID kinase-mediated recruitment into GNOM-independent trafficking 





95. Kleine-Vehn J., Ding Z., Jones A.R., Tasaka M., Morita M.T., and Friml J. 
(2010). Gravity-induced PIN transcytosis for polarization of auxin fluxes in 
gravity-sensing root cells. PNAS. 107, 22344-22349.  
96. Kleine-Vehn J., Wabnik K., and Martinière A. (2011). Recycling, 
clustering, and endocytosis jointly maintain PIN auxin carrier polarity at the 
plasma membrane. Molecular Systems Biology. 7-1.  
97. Koncz C. and Schell J. (1986). The promoter of T L-DNA gene 5 controls 
the tissue-specific expression of chimaeric genes carried by a novel type of 
Agrobacterium binary vector. The Plant Journal. 204, 383-396.  
98. Koning A., Roberts C., and Wright R. (1996). Different subcellular 
localization of Saccharomyces cerevisiae HMG-CoA reductase isozymes at 
elevated levels corresponds to distinct endoplasmic reticulum membrane 
proliferations. Mol. Biol. Cell. 7, 769.  
99. Kowalczyk M. and Sandberg G. (2001). Quantitative analysis of indole-3-
acetic acid metabolites in Arabidopsis. Plant Physiol. 127, 1845-1853.  
100. Křeček P., Skůpa P., Libus J., Naramoto S., Tejos R., Friml J., and 
Zažímalová E. (2009). The PIN-FORMED (PIN) protein family of auxin 
transporters. Genome Biol. 10, 249.  
101. Krouk G., Lacombe B., Bielach A., Perrine-Walker F., Malinska K., 
Mounier E., Hoyerova K., Tillard P., Leon S., and Ljung K. (2010). Nitrate-
regulated auxin transport by NRT1. 1 defines a mechanism for nutrient 
sensing in plants. Developmental cell. 18, 927-937.  
102. Laemmli U.K. (1970). Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature. 227, 680-685.  
103. Lam S.K., Siu C.L., Hillmer S., Jang S., An G., Robinson D.G., and Jiang 
L. (2007). Rice SCAMP1 defines clathrin-coated, trans-golgi–located tubular-
vesicular structures as an early endosome in tobacco BY-2 cells. The Plant 





104. Lam S.K., Tse Y.C., Robinson D.G., and Jiang L. (2007). Tracking down 
the elusive early endosome. Trends Plant Sci. 12, 497-505.  
105. Langhans M., Meckel T., Kress A., Lerich A., and Robinson D. (2012). 
ERES (ER exit sites) and the “Secretory Unit Concept”. J. Microsc. 247, 48-59.  
106. Langhans M., Marcote M.J., Pimpl P., Virgili‐López G., Robinson D.G., 
and Aniento F. (2008). In vivo trafficking and localization of p24 proteins in 
plant cells. Traffic. 9, 770-785.  
107. Lee G., Kim H., Kang H., Jang M., Lee D.W., Lee S., and Hwang I. 
(2007). EpsinR2 interacts with clathrin, adaptor protein-3, AtVTI12, and 
phosphatidylinositol-3-phosphate. Implications for EpsinR2 function in 
protein trafficking in plant cells. Plant Physiol. 143, 1561-1575.  
108. Lehmann T., Hoffmann M., Hentrich M., and Pollmann S. (2010). 
Indole-3-acetamide-dependent auxin biosynthesis: a widely distributed way 
of indole-3-acetic acid production? Eur. J. Cell Biol. 89, 895-905.  
109. Leyser O. (2005). Auxin distribution and plant pattern formation: how 
many angels can dance on the point of PIN? Cell. 121, 819-822.  
110. Leyser O. (2011). Auxin, self-organisation, and the colonial nature of 
plants. Current Biology. 21, R331-R337.  
111. Liu S., Wong M.L., Craik C.S., and Brodsky F.M. (1995). Regulation of 
clathrin assembly and trimerization defined using recombinant triskelion 
hubs. Cell. 83, 257-267.  
112. Ljung K., Bhalerao R.P., and Sandberg G. (2001). Sites and homeostatic 
control of auxin biosynthesis in Arabidopsis during vegetative growth. The 
Plant Journal. 28, 465-474.  
113. Ljung K., Hull A.K., Kowalczyk M., Marchant A., Celenza J., Cohen J.D., 
and Sandberg G. (2002). Biosynthesis, conjugation, catabolism and 
homeostasis of indole-3-acetic acid in Arabidopsis thaliana. Plant Mol. Biol. 





114. Ludwig-Müller J. (2000). Indole-3-butyric acid in plant growth and 
development. Plant Growth Regulation. 32, 219-230.  
115. Ludwig-Müller J. (2011). Auxin conjugates: their role for plant 
development and in the evolution of land plants. J. Exp. Bot. 62, 1757-1773.  
116. Luis L., Taylor J.P., Hadlington J.L., Hanton S.L., Snowden C.J., Fox S.J., 
Foresti O., Brandizzi F., and Denecke J. (2005). Receptor salvage from the 
prevacuolar compartment is essential for efficient vacuolar protein 
targeting. 17, 132-148.  
117. Mano Y., Nemoto K., Suzuki M., Seki H., Fujii I., and Muranaka T. 
(2010). The AMI1 gene family: indole-3-acetamide hydrolase functions in 
auxin biosynthesis in plants. J. Exp. Bot. 61, 25-32.  
118. Mano Y. and Nemoto K. (2012). The pathway of auxin biosynthesis in 
plants. J. Exp. Bot. 63, 2853-2872.  
119. Marti L., Fornaciari S., Renna L., Stefano G., and Brandizzi F. (2010). 
COPII-mediated traffic in plants. Trends Plant Sci. 15, 522-528.  
120. Martinière A., Lavagi I., Nageswaran G., Rolfe D.J., Maneta-Peyret L., 
Luu D., Botchway S.W., Webb S.E., Mongrand S., Maurel C., Kleine-Vehn J., 
Friml J., Moreau P. and Runions J. (2012). Cell wall constrains lateral 
diffusion of plant plasma-membrane proteins. PNAS. 109, 12805-12810.  
121. Mashiguchi K., Tanaka K., Sakai T., Sugawara S., Kawaide H., Natsume 
M., Hanada A., Yaeno T., Shirasu K., Yao H., McSteen P., Zhao Y., Hayashi 
K., Kamiya Y. and Kasahara H. (2011). The main auxin biosynthesis pathway 
in Arabidopsis. PNAS. 108, 18512-18517.  
122. Men S., Boutté Y., Ikeda Y., Li X., Palme K., Stierhof Y., Hartmann M., 
Moritz T., and Grebe M. (2008). Sterol-dependent endocytosis mediates 
post-cytokinetic acquisition of PIN2 auxin efflux carrier polarity. Nat. Cell 





123. Michniewicz M., Zago M.K., Abas L., Weijers D., Schweighofer A., 
Meskiene I., Heisler M.G., Ohno C., Zhang J., Huang F., Schwab R., Weigel 
D., Meyerowitz E.M., Luschnig C., Offringa R. and Friml J. (2007). 
Antagonistic regulation of PIN phosphorylation by PP2A and PINOID directs 
auxin flux. Cell. 130, 1044-1056.  
124. Mikkelsen M.D., Hansen C.H., Wittstock U., and Halkier B.A. (2000). 
Cytochrome P450 CYP79B2 from Arabidopsis catalyzes the conversion of 
tryptophan to indole-3-acetaldoxime, a precursor of indole glucosinolates 
and indole-3-acetic acid. J. Biol. Chem. 275, 33712-33717.  
125. Montesinos J.C., Sturm S., Langhans M., Hillmer S., Marcote M.J., 
Robinson D.G., and Aniento F. (2012). Coupled transport of Arabidopsis p24 
proteins at the ER–Golgi interface. J. Exp. Bot. 63, 4243-4261.  
126. Mravec J., Kubeš M., Bielach A., Gaykova V., Petrášek J., Skůpa P., 
Chand S., Benková E., Zažímalová E., and Friml J. (2008). Interaction of PIN 
and PGP transport mechanisms in auxin distribution-dependent 
development. Development. 135, 3345-3354. 
127. Mravec J. (2009). Subcellular homeostasis of phytohormone auxin is 
mediated by the ER-localized PIN5 transporter. Nature. 459, 1136-1140.  
128. Mravec J., Petrášek J., Li N., Boeren S., Karlova R., Kitakura S., 
Pařezová M., Naramoto S., Nodzyński T., Dhonukshe P., Bednarek S, 
Zažímalová E., de Vries S. and Friml J. (2011). Cell Plate Restricted 
Association of DRP1A and PIN Proteins Is Required for Cell Polarity 
Establishment in Arabidopsis. Current Biology. 21, 1055-1060.  
129. Naramoto S., Kleine-Vehn J., Robert S., Fujimoto M., Dainobu T., 
Paciorek T., Ueda T., Nakano A., Van Montagu M.C., Fukuda H. and Friml J. 
(2010). ADP-ribosylation factor machinery mediates endocytosis in plant 
cells. PNAS. 107, 21890-21895.  
130. Nebenführ A., Gallagher L.A., Dunahay T.G., Frohlick J.A., 





movements of plant Golgi stacks are mediated by the acto-myosin system. 
Plant Physiol. 121, 1127-1141.  
131. Nelson B.K., Cai X., and Nebenführ A. (2007). A multicolored set of in 
vivo organelle markers for co‐localization studies in Arabidopsis and other 
plants. The Plant Journal. 51, 1126-1136.  
132. Niemes S., Langhans M., Viotti C., Scheuring D., San Wan Yan M., 
Jiang L., Hillmer S., Robinson D.G., and Pimpl P. (2010). Retromer recycles 
vacuolar sorting receptors from the trans‐Golgi network. The Plant Journal. 
61, 107-121.  
133. Niemes S., Scheuring D., Krueger F., Langhans M., Jesenofsky B., 
Robinson D.G., and Pimpl P. (2010). Sorting of plant vacuolar proteins is 
initiated in the ER. The Plant Jorunal. 62, 601-614.  
134. Nomura K., DebRoy S., Lee Y.H., Pumplin N., Jones J., and He S.Y. 
(2006). A bacterial virulence protein suppresses host innate immunity to 
cause plant disease. Science. 313, 220.  
135. Normanly J., Cohen J.D., and Fink G.R. (1993). Arabidopsis thaliana 
auxotrophs reveal a tryptophan-independent biosynthetic pathway for 
indole-3-acetic acid. PNAS, 90, 10355-10359.  
136. Normanly J. (2006). Auxin metabolism. Physiol. Plantarum. 100, 431-
442.  
137. Okada K., Ueda J., Komaki M.K., Bell C.J., and Shimura Y. (1991). 
Requirement of the auxin polar transport system in early stages of 
Arabidopsis floral bud formation. The Plant Cell. 3, 677-684.  
138. Ortiz‐Zapater E., Soriano‐Ortega E., Marcote M.J., Ortiz‐Masiá D., and 
Aniento F. (2006). Trafficking of the human transferrin receptor in plant 






139. Östin A., Kowalyczk M., Bhalerao R.P., and Sandberg G. (1998). 
Metabolism of indole-3-acetic acid in Arabidopsis. Plant Physiol. 118, 285-
296.  
140. Otegui M.S. and Spitzer C. (2008). Endosomal functions in plants. 
Traffic. 9, 1589-1598. 
141. Otegui M.S., Mastronarde D.N., Kang B., Bednarek S.Y., and Staehelin 
L.A. (2001). Three-dimensional analysis of syncytial-type cell plates during 
endosperm cellularization visualized by high resolution electron 
tomography. The Plant Cell. 13, 2033-2051. 
142. Ouyang J., Shao X., and Li J. (2000). Indole‐3‐glycerol phosphate, a 
branchpoint of indole‐3‐acetic acid biosynthesis from the tryptophan 
biosynthetic pathway in Arabidopsis thaliana. The Plant Journal. 24, 327-
334.  
143. Paciorek T., Zažímalová E., Ruthardt N., Petrásek J., Stierhof T., Kleine-
Vehn J., Morris D.A., Emans N., Jürgens G., Geldner N., and Friml J. (2005). 
Auxin inhibits endocytosis and promotes its own efflux from cells. Nature. 
435, 1251-1256.  
144. Paciorek T. and Friml J. (2006). Auxin signaling. J. Cell. Sci. 119, 1199-
1202.  
145. Park M. and Jürgens G. (2011). Membrane traffic and fusion at post-
Golgi compartments. Frontiers in plant science. 2.  
146. Park M., Song K., Reichardt I., Kim H., Mayer U., Stierhof Y., Hwang I., 
and Jürgens G. (2013). Arabidopsis μ-adaptin subunit AP1M of adaptor 
protein complex 1 mediates late secretory and vacuolar traffic and is 
required for growth. PNAS. 110, 10318-10323.  
147. Paul MJ and Frigerio L. (2007). Coated vesicles in plant cells. Seminars 





148. Pérez-Gómez J. and Moore I. (2007). Plant endocytosis: it is clathrin 
after all. Current Biology. 17, R217-R219.  
149. Perrot-Rechenmann C. (2010). Cellular responses to auxin: division 
versus expansion. Cold Spring Harbor perspectives in biology. 2-5.  
150. Petrášek J., Mravec J., Bouchard R., Blakeslee J.J., Abas M., Seifertová 
D., Wisniewska J., Tadele Z., Kubes M., Covanová M., Dhonukshe P., Skůpa 
P., Benková E., Perry L., Křeček P., Lee O.R., Fink G.R., Geisler M., Murphy 
A.S., Luschnig C., Zažímalová E. and Friml J. (2006). PIN proteins perform a 
rate-limiting function in cellular auxin efflux. Science. 312, 914.  
151. Petrášek J. and Friml J. (2009). Auxin transport routes in plant 
development. Development. 136, 2675-2688.  
152. Phillipson B.A., Pimpl P., Pinto daSilva L.L., Crofts A.J., Taylor J.P., 
Movafeghi A., Robinson D.G., and Denecke J. (2001). Secretory bulk flow of 
soluble proteins is efficient and COPII dependent. The Plant Cell. 13, 2005-
2020.  
153. Pietrzak M., Shillito R.D., Hohn T., and Potrykus I. (1986). Expression in 
plants of two bacterial antibiotic resistance genes after protoplast 
transformation with a new plant expression vector. Nucleic Acids Res. 14, 
5857-5868.  
154. Pimpl P., Hanton S.L., Taylor J.P., Pinto-daSilva L.L., and Denecke J. 
(2003). The GTPase ARF1p controls the sequence-specific vacuolar sorting 
route to the lytic vacuole. The Plant Cell. 15, 1242-1256.  
155. Pollmann S., Müller A., Piotrowski M., and Weiler E.W. (2002). 
Occurrence and formation of indole-3-acetamide in Arabidopsis thaliana. 
Planta. 216, 155-161.  
156. Pollmann S., Neu D., and Weiler E.W. (2003). Molecular cloning and 





converting indole-3-acetamide into the plant growth hormone, indole-3-
acetic acid. Phytochemistry. 62, 293-300.  
157. Reyes F.C., Buono R., and Otegui M.S. (2011). Plant endosomal 
trafficking pathways. Curr. Opin. Plant Biol. 14, 666-673.  
158. Richter S., Geldner N., Schrader J., Wolters H., Stierhof Y., Rios G., 
Koncz C., Robinson D.G., and Jürgens G. (2007). Functional diversification of 
closely related ARF-GEFs in protein secretion and recycling. Nature 448, 488-
492.  
159. Richter S., Voß U., and Jürgens G. (2009). Post‐Golgi traffic in plants. 
Traffic 10, 819-828.  
160. Riov J. and Bangerth F. (1992). Metabolism of auxin in tomato fruit 
tissue formation of high molecular weight conjugates of oxindole-3-acetic 
acid via the oxidation of indole-3-acetylaspartic acid. Plant Physiol. 100, 
1396-1402.  
161. Robert S., Kleine-Vehn J., Barbez E., Sauer M., Paciorek T., Baster P., 
Vanneste S., Zhang J., Simon S., Čovanová M., Hayashi K., Dhonukshe P., 
Bednarek S., Jones A.M., Lusching C., Aniento F., Zažímalová E. and Friml J. 
(2010). ABP1 Mediates Auxin Inhibition of Clathrin-Dependent Endocytosis 
in Arabidopsis. Cell. 143, 111-121.  
162. Robinson D.G., Jiang L., and Schumacher K. (2008). The endosomal 
system of plants: charting new and familiar territories. Plant Physiol. 147, 
1482-1492.  
163. Robinson M.S. and Bonifacino J.S. (2001). Adaptor-related proteins. 
Curr. Opin. Cell Biol. 13, 444-453.  
164. Robinson M.S. (2004). Adaptable adaptors for coated vesicles. Trends 
Cell Biol. 14, 167-174.  
165. Rothman J.E. and Wieland F.T. (1996). Protein sorting by transport 





166. Rubery P. and Sheldrake A. (1974). Carrier-mediated auxin transport. 
Planta. 118, 101-121.  
167. Ruiz-Rosquete M., Barbez E., and Kleine-Vehn J. (2012). Cellular auxin 
homeostasis: gatekeeping is housekeeping. Molecular plant. 5, 772-786.  
168. Růžička K., Strader L.C., Bailly A., Yang H., Blakeslee J., Łangowski Ł., 
Nejedlá E., Fujita H., Itoh H., Syōno K., Hejátko J., Gray W.M., Martinoia E., 
Geisler M., Bartel B., Murphy A.S. and Friml J. (2010). Arabidopsis PIS1 
encodes the ABCG37 transporter of auxinic compounds including the auxin 
precursor indole-3-butyric acid. PNAS. 107, 10749-10753.  
169. Sambrook J., Fritsch E., and Maniatis T. (1989). Molecular cloning: A 
laboratory manual. Cold Spring Harbor.  
170. Sanderfoot A.A., Ahmed S.U., Marty-Mazars D., Rapoport I., 
Kirchhausen T., Marty F., and Raikhel N.V. (1998). A putative vacuolar cargo 
receptor partially colocalizes with AtPEP12p on a prevacuolar compartment 
in Arabidopsis roots. PNAS. 95, 9920-9925.  
171. Sanger F., Nicklen S., and Coulson A.R. (1977). DNA sequencing with 
chain-terminating inhibitors. PNAS. 74, 5463-5467.  
172. Sanmartín M., Ordóñez A., Sohn E.J., Robert S., Sánchez-Serrano J.J., 
Surpin M.A., Raikhel N.V., and Rojo E. (2007). Divergent functions of VTI12 
and VTI11 in trafficking to storage and lytic vacuoles in Arabidopsis. PNAS. 
104, 3645-3650.  
173. Sauer M., Paciorek T., Benková E., and Friml J. (2006). 
Immunocytochemical techniques for whole-mount in situ protein 
localization in plants. Nature Protocols. 1, 98-103.  
174. Sauer M., Robert S., and Kleine-Vehn J. (2013). Auxin: simply 
complicated. J. Exp. Bot. 64, 2565-2577.  
175. Scheuring D., Viotti C., Krüger F., Künzl F., Sturm S., Bubeck J., Hillmer 





mature from the trans-Golgi network/early endosome in Arabidopsis. The 
Plant Cell. 23, 3463-3481.  
176. Schmid S.L. (1997). Clathrin-coated vesicle formation and protein 
sorting: an integrated process. Annu. Rev. Biochem. 66, 511-548.  
177. Schunck W., Vogel F., Gross B., Kärgel E., Mauersberger S., Köpke K., 
Gengnagel C., and Müller H. (1991). Comparison of two cytochromes P-450 
from Candida maltosa: primary structures, substrate specificities and effects 
of their expression in Saccharomyces cerevisiae on the proliferation of the 
endoplasmic reticulum. Eur. J. Cell Biol. 55, 336-345.  
178. Seidel C., Walz A., Park S., Cohen J., and Ludwig-Müller J. (2006). 
Indole‐3‐Acetic Acid Protein Conjugates: Novel Players in Auxin 
Homeostasis. Plant Biology. 8, 340-345.  
179. Simon S. and Petrek J. (2011). Why plants need more than one type of 
auxin. Plant Science. 180, 454-460.  
180. Snapp E.L., Hegde R.S., Francolini M., Lombardo F., Colombo S., 
Pedrazzini E., Borgese N., and Lippincott-Schwartz J. (2003). Formation of 
stacked ER cisternae by low affinity protein interactions. J. Cell Biol. 163, 
257-269.  
181. Sohn E.J., Rojas-Pierce M., Pan S., Carter C., Serrano-Mislata A., 
Madueño F., Rojo E., Surpin M., and Raikhel N.V. (2007). The shoot 
meristem identity gene TFL1 is involved in flower development and 
trafficking to the protein storage vacuole. PNAS. 104, 18801-18806.  
182. Sørensen V., Brech A., Khnykin D., Kolpakova E., Citores L., and Olsnes 
S. (2004). Deletion mutant of FGFR4 induces onion-like membrane 
structures in the nucleus. J. Cell. Sci. 117, 1807-1819.  
183. Soriano-Ortega E. (2009). Endocitosis en células vegetales: clasificación 
de proteínas de la membrana plasmática en vesículas recubiertas de 





184. Stepanova A.N., Robertson-Hoyt J., Yun J., Benavente L.M., Xie D., 
Doležal K., Schlereth A., Jürgens G., and Alonso J.M. (2008). TAA1-mediated 
auxin biosynthesis is essential for hormone crosstalk and plant 
development. Cell. 133, 177-191.  
185. Strader L.C. and Bartel B. (2009). The Arabidopsis PLEIOTROPIC DRUG 
RESISTANCE8/ABCG36 ATP binding cassette transporter modulates 
sensitivity to the auxin precursor indole-3-butyric acid. The Plant Cell. 21, 
1992-2007.  
186. Strader L.C. and Bartel B. (2011). Transport and metabolism of the 
endogenous auxin precursor indole-3-butyric acid. Molecular plant. 4, 477-
486.  
187. Sugawara S., Hishiyama S., Jikumaru Y., Hanada A., Nishimura T., 
Koshiba T., Zhao Y., Kamiya Y., and Kasahara H. (2009). Biochemical 
analyses of indole-3-acetaldoxime-dependent auxin biosynthesis in 
Arabidopsis. PNAS. 106, 5430-5435.  
188. Swarup K., Benková E., Swarup R., Casimiro I., Péret B., Yang Y., Parry 
G., Nielsen E., De Smet I., Vanneste S., Levesque M.P., Carrier D., James N., 
Calvo V., Ljung K., Kramer E., Roberts R., Graham N., Marillonnet S., Patel 
K., Jones J.D.G., Taylor C.G., Schachtman D.P., May S., Sandberg G., Benfey 
P., Friml J., Kerr I., Beeckman T., Laplaze L. and Bennet M.J. (2008). The 
auxin influx carrier LAX3 promotes lateral root emergence. Nat. Cell Biol. 10, 
946-954.  
189. Takano J., Tanaka M., Toyoda A., Miwa K., Kasai K., Fuji K., Onouchi 
H., Naito S., and Fujiwara T. (2010). Polar localization and degradation of 
Arabidopsis boron transporters through distinct trafficking pathways. PNAS. 
107, 5220-5225.  
190. Takei K., Mignery G., Mugnaini E., Südhof T., and De Camilli P. (1994). 





stacks in transfected fibroblasts and in cerebellar Purkinje cells. Neuron. 12, 
327-342.  
191. Tam Y.Y., Epstein E., and Normanly J. (2000). Characterization of auxin 
conjugates in Arabidopsis. Low steady-state levels of indole-3-acetyl-
aspartate, indole-3-acetyl-glutamate, and indole-3-acetyl-glucose. Plant 
Physiol. 123, 589-596.  
192. Tanaka H., Kitakura S., De Rycke R., De Groodt R., and Friml J. (2009). 
Fluorescence imaging-based screen identifies ARF GEF component of early 
endosomal trafficking. Current Biology. 19, 391.  
193. Tao Y., Ferrer J., Ljung K., Pojer F., Hong F., Long J.A., Li L., Moreno 
J.E., Bowman M.E., Ivans L.J., Cheng Y., Lim J., Zhao Y., Ballaré C., Sandberg 
G., Noel J.P. and Chory J. (2008). Rapid synthesis of auxin via a new 
tryptophan-dependent pathway is required for shade avoidance in plants. 
Cell. 133, 164-176.  
194. Teh O. and Moore I. (2007). An ARF-GEF acting at the Golgi and in 
selective endocytosis in polarized plant cells. Nature. 448, 493-496.  
195. Teh O., Shimono Y., Shirakawa M., Fukao Y., Tamura K., Shimada T., 
and Hara-Nishimura I. (2013). The AP-1 µ Adaptin is required for KNOLLE 
localization at the cell plate to mediate cytokinesis in Arabidopsis. Plant and 
Cell Physiology. 54, 838-847.  
196. Tejos R. and Friml J. (2012). Cell Polarity and Endocytosis in Plants. 
Springer. 63-80.  
197. Traub L.M. (2009). Tickets to ride: selecting cargo for clathrin-regulated 
internalization. Nature Reviews Molecular Cell Biology. 10, 583-596.  
198. Tromas A., Braun N., Muller P., Khodus T., Paponov I.A., Palme K., 
Ljung K., Lee J., Benfey P., Murray J.A., Scheres B. and Perrot-Rechenmann 
C. (2009). The AUXIN BINDING PROTEIN 1 is required for differential auxin 





199. Tse Y.C., Mo B., Hillmer S., Zhao M., Lo S.W., Robinson D.G., and Jiang 
L. (2004). Identification of multivesicular bodies as prevacuolar 
compartments in Nicotiana tabacum BY-2 cells. The Plant Cell. 16, 672-693.  
200. Tuominen H., Ostin A., Sandberg G., and Sundberg B. (1994). A novel 
metabolic pathway for indole-3-acetic acid in apical shoots of Populus 
tremula (L.) x Populus tremuloides (Michx.). Plant Physiol. 106, 1511-1520.  
201. Van Damme D., Gadeyne A., Vanstraelen M., Inzé D., Van Montagu 
M.C., De Jaeger G., Russinova E., and Geelen D. (2011). Adaptin-like protein 
TPLATE and clathrin recruitment during plant somatic cytokinesis occurs via 
two distinct pathways. PNAS. 108, 615-620.  
202. van Engelen F.A., Molthoff J.W., Conner A.J., Nap J.P., Pereira A., and 
Stiekema W.J. (1995). pBINPLUS: an improved plant transformation vector 
based on pBIN19. Transgenic Res. 4, 288-290.  
203. Vanneste S. and Friml J. (2009). Auxin: a trigger for change in plant 
development. Cell. 136, 1005-1016.  
204. Viaene T., Delwiche C.F., Rensing S.A., and Friml J. (2012). Origin and 
evolution of PIN auxin transporters in the green lineage. Trends Plant Sci. 
18-1, 5-10. 
205. Vieten A., Sauer M., Brewer P.B., and Friml J. (2007). Molecular and 
cellular aspects of auxin-transport-mediated development. Trends Plant Sci. 
12, 160-168.  
206. Viotti C., Bubeck J., Stierhof Y., Krebs M., Langhans M., van den Berg 
W., van Dongen W., Richter S., Geldner N., Takano J., Jürgens G., de Vries 
S., Robinson D.G. and Schumacher K. (2010). Endocytic and secretory traffic 
in Arabidopsis merge in the trans-Golgi network/early endosome, an 
independent and highly dynamic organelle. The Plant Cell. 22, 1344-1357.  
207. Wang J., Ding Y., Wang J., Hillmer S., Miao Y., Lo S.W., Wang X., 





distinct from multivesicular endosomes and autophagosomes, mediates 
cytosol to cell wall exocytosis in Arabidopsis and tobacco cells. The Plant 
Cell. 22, 4009-4030.  
208. Wang J., Li S., Zhao X., Zhou L., Huang G., Xie H., Feng C., and Zhang Y. 
(2013). HAPLESS13, the Arabidopsis µ1 adaptin, is essential for protein 
sorting at the trans-Golgi network/early endosome. Plant Physiol. 
209. Weigel D. and Glazebrook J. (2002). Arabidopsis: a laboratory manual. 
CSHL Press.  
210. Whitehead T.P., Kricka L.J., Carter T., and Thorpe G. (1979). Analytical 
luminescence: its potential in the clinical laboratory. Clin. Chem. 25, 1531-
1546.  
211. Wisniewska J., Xu J., Seifertová D., Brewer P.B., Ruzicka K., Blilou I., 
Rouquié D., Benková E., Scheres B., and Friml J. (2006). Polar PIN 
localization directs auxin flow in plants. Science. 312, 883.  
212. Woodward A.W. and Bartel B. (2005). Auxin: regulation, action, and 
interaction. Annals of Botany. 95, 707-735.  
213. Xu T., Wen M., Nagawa S., Fu Y., Chen J., Wu M., Perrot-Rechenmann 
C., Friml J., Jones A.M., and Yang Z. (2010). Cell surface-and Rho GTPase-
based auxin signaling controls cellular interdigitation in Arabidopsis. Cell. 
143, 99-110.  
214. Yamada M., Greenham K., Prigge M.J., Jensen P.J., and Estelle M. 
(2009). The TRANSPORT INHIBITOR RESPONSE2 gene is required for auxin 
synthesis and diverse aspects of plant development. Plant Physiol. 151, 168-
179.  
215. Yamaoka S., Shimono Y., Shirakawa M., Fukao Y., Kawase T., Hatsugai 
N., Tamura K., Shimada T., and Hara-Nishimura I. (2013). Identification and 
dynamics of Arabidopsis adaptor protein-2 complex and its involvement in 





216. Yan X., Chen Q., Jiang N., Fu W., Ma B., Liu J., Li C., Bednarek S.Y., and 
Pan J. (2013). Clathrin light chains regulate clathrin-mediated trafficking, 
auxin signaling, and development in Arabidopsis. The Plant Cell. 25, 499-516.  
217. Yang H. and Murphy A.S. (2009). Functional expression and 
characterization of Arabidopsis ABCB, AUX 1 and PIN auxin transporters in 
Schizosaccharomyces pombe. 59, 179-191.  
218. Yang Y., Hammes U.Z., Taylor C.G., Schachtman D.P., and Nielsen E. 
(2006). High-affinity auxin transport by the AUX1 influx carrier protein. 
Current Biology. 16, 1123-1127.  
219. Young A (2007). Structural insights into the clathrin coat. Seminars in 
cell & developmental biology. 18, 448-458.  
220. Zažímalová E., Murphy A.S., Yang H., Hoyerová K., and Hošek P. 
(2010). Auxin transporters—why so many?. Cold Spring Harbor perspectives 
in biology. 2.  
221. Zhao Y. (2010). Auxin biosynthesis and its role in plant development. 
Annual review of plant biology. 61, 49.  
222. Zuo J., Niu Q., Nishizawa N., Wu Y., Kost B., and Chua N. (2000). 
KORRIGAN, an Arabidopsis endo-1, 4-β-glucanase, localizes to the cell plate 
by polarized targeting and is essential for cytokinesis. The Plant Cell. 12, 
1137-1152.  
223. Zwiewka M., Feraru E., Möller B., Hwang I., Feraru M.I., Kleine-Vehn 
J., Weijers D., and Friml J. (2011). The AP-3 adaptor complex is required for 
vacuolar function in Arabidopsis. Cell Res. 21, 1711-1722.  
 
REFERENCES 
 
